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ABSTRACT 
Investigations into animal behavior can have two different forms of inquiry.  Proximate 
questions are concerned with how a behavior evolved and the mechanisms underlying it, while 
ultimate questions are concerned with the fitness consequences of a behavior and why it evolved.  
I have examined aspects of honey bee (Apis mellifera) reproductive-related behavior using each 
of these forms of inquiry.  I studied colonies of queenless worker bees in order to garner 
suggestions about why altruistic behavior evolved in bees.  In queenless colonies, the loss of kin 
structure that accompanies the loss of the queen leads to workers developing their ovaries and 
laying their own eggs.  I found that even though queenless workers invest in their own 
reproduction as kin selection theory would suggest, they do not cease altruistic behaviors.  
Reproductive workers are as likely as non-reproductive workers to perform dangerous tasks and 
provide metabolically costly services that may reduce their own reproduction.  The results 
suggest that honey bees gain more inclusive fitness benefits by communally maintaining a shared 
nest than can be gained by investing purely in their own individual reproduction, even without 
the kin structure provided by a queen.  In another set of experiments I used a proximate line of 
questioning to investigate how drones (male honey bees) perform instinctive spatiotemporal 
flight behavior.  Drones and queens make mating flights in which they instinctively fly to 
specific congregation areas during a specific window of time in the afternoon.  I trained worker 
bees to forage at a feeder in a spatiotemporal manner similar to the instinctive spatiotemporal 
flight behavior of drones.  RNA sequencing on the mushroom bodies of the brain revealed that 
unique gene expression changes are associated with the initiation of the instinctive behavior as 
compared to the learned behavior.  The results indicate that the instinctive flight behavior of 
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drones is not caused by a generalized state of arousal that precedes spatiotemporal flight, but 
rather by a distinct neurogenomic state that is different from the learned behavior state.  
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CHAPTER 1: 
 INTRODUCTION 
 
 
Inquiries into the evolution of animal behavior can generally be divided into two routes, the 
ultimate and the proximate (Tinbergen, 1963; Scott-Phillips et al., 2011).  Ultimate questions and 
explanations are concerned with the fitness consequences of a behavior, and/or the selective 
pressures working upon that trait.  Proximate questions and explanations address the mechanisms 
underlying a behavior.  More simply put, ultimate and proximate questions are asking the “why” 
and “how” of a behavior, respectively.  Here, I apply each of these avenues of inquiry to 
reproductive-related behavior in the western honey bee, Apis mellifera.  Rather than focusing on 
the relatively well-studied reproductive division of labor between queens and workers, my 
dissertation research investigates the behavior of reproductive worker bees and the mating flight 
behavior of male honey bees, the drones.   
 
Honey bee colonies are complex societies composed of thousands of individuals.  Perhaps the 
most remarkable trait of these societies is a system of division of labor where individuals 
specialize on different colony tasks.  For most of the colony life cycle only one individual, the 
queen, lays all of the eggs in the colony.  Drones, which compose 0-10% of the colony, also 
specialize on reproduction by making mating flights during which they try to mate with virgin 
queens from other colonies.  The majority of bees in the hive are female workers that have 
undeveloped ovaries and do not lay eggs.  Instead, worker bees specialize in performing various 
non-reproductive tasks such as hive defense, foraging for nectar and pollen, building comb, or 
caring for the brood.  Reproductive division of labor has evolved 8-11 times in the order 
Hymenoptera and numerous times in other taxa (Hughes et al., 2008), and thousands of scientific 
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papers have been published on its evolution.  Even so, there continues to be controversy over 
explanations for social evolution (Nowak et al., 2010; Strassman et al., 2011).  The findings of 
my dissertation research about the reproduction-related behavior of honey bees should help 
illuminate this difficult and complex topic.  
 
In Chapter 2 I investigated the ultimate factors contributing to worker altruistic behavior by 
analyzing hives that are in an irreversible “hopelessly” queenless state.  This occurs naturally 
when the queen dies and no replacement queens survive to adulthood and lay female eggs.  Even 
though workers are incapable of mating, they are able to develop their ovaries and lay 
unfertilized haploid eggs that develop into drones.  As a result, a colony that is destined to die off 
can raise drones in a final attempt to contribute genes to the next generation. It has been 
hypothesized that with the destruction of kin structure that comes with losing the queen, each 
worker would reduce her altruistic behavior and favor her own reproduction (Wenseelers and 
Ratnieks, 2006). As a result, these workers have been considered “selfish” individuals that are 
less likely to jeopardize their reproductive futures by carrying out risky or metabolically costly 
altruistic behaviors, and instead are focused on production of their own drone offspring (Cardoen 
et al., 2011).  However, these assumptions had not been thoroughly tested.  My dissertation 
research shows that workers with activated ovaries are just as likely to perform risky behaviors 
such as foraging or colony defense.  Also, workers with more developed ovaries also have larger 
brood-feeding and wax glands, indicating that they are investing in colony-level maintenance as 
well as personal reproduction.  These results show that egg-laying worker bees continue altruistic 
behavior and are not “selfish” or queen-like.   
 
3 
 
In addition, while workers in colonies with a queen specialize in specific tasks, I found that 
individual reproductive workers forage, defend the hive, tend brood, and build comb.  To further 
test the hypothesis that queenless workers have diminished levels of task specification, I also 
examined foragers and non-foragers from queenless colonies and colonies with a queen.  The 
results demonstrate that queenless workers are much more likely to multi-task and maintain 
brood-feeding and wax glands while foraging.  This work on queenless workers has revealed 
previously unknown plasticity in honey bee social structure.  Rather than having both a 
reproductive division of labor and a worker division of labor with task specialization as found in 
colonies with a queen, queenless workers collectively maintain a nest with relatively low task 
specialization and simultaneously invest in personal reproduction. This type of communal living 
without division of labor bears resemblance to the social structure of other more primitively 
social species of bees, such as some of those found in the sweat bees (family Halictidae), the 
allodapine bees (tribe Allodapini), and the orchid bees (tribi Euglossini).  It is difficult to 
determine if this social structure represents an ancestral state and an intermediate state that the 
ancestors of the honey bees used on the path to their high level of sociality, or if it is simply a 
social structure successfully employed by other taxa that the honey bees evolved to maximize 
reproduction in the queenless state.  Future research is needed to resolve this issue.   
 
The answers to the ultimate questions of why altruistic behavior and reproductive division of 
labor evolved in the honey bee are complex and multi-leveled.  My dissertation research suggests 
that simple kin selection models based on relatedness between queens and workers cannot fully 
explain the altruistic behavior of workers.  Although previous scientists were correct to assume 
that workers should favor their own reproduction and lay eggs, they were incorrect in assuming 
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that this shift would be accompanied by a loss of altruistic behavior.  The persistence of altruistic 
behavior in workers after the loss of the queen suggests that the inclusive fitness gained by the 
collective maintenance of the nest and investment in group-level resources is more than what an 
individual could gain if that individual were to act as a social parasite, consuming hive resources 
purely for personal reproduction.   
 
In Chapter 3 I used the proximate route of inquiry and asked how drones achieve instinctive 
flight behavior, focusing on neurogenomic changes in the brain that accompany the behavior.  
Honey bee drones have a relatively narrow task allocation in colony.  They are reproductive 
specialists and do not perform any work in the hive; instead, for 2-3 hours in the afternoon they 
leave the hive and make mating flights during which they attempt to find and mate with a virgin 
queen.  In order to increase the chance of finding each other, drones and queens make these 
flights at specific times of day and to specific locations known as drone congregation areas.  The 
timing of these mating flights and the selection of drone congregation areas are instinctive and 
species-specific, with different species in the genus Apis making mating flight at different times 
of day (Rinderer et al., 1993) and to different locations based on landscape features and height 
off the ground (Koeniger and Koeniger, 2004).   
 
To investigate the molecular basis of this instinctive spatiotemporal flight behavior, I trained 
workers to perform learned spatiotemporal flight behavior.  Workers were trained to fly to a 
feeder at a specific location during the same window of time in the afternoon when drones were 
making mating flights, and then both drones and trained workers were sampled while inactive 
and while leaving the hive to initiate flight.  By performing RNA sequencing on the mushroom 
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bodies of the brain, I found that there were distinct differences in the neurogenomic state 
between instinctive and learned spatiotemporal flight.  Although both the drones and workers 
share a common core of 166 genes that significantly change expression with the onset of flight, 
most of the differences are unique to the instinctive or learned context (623 genes and 473 genes, 
respectively).  Instinctive spatiotemporal flight showed expression differences in genes involved 
in regulating transcriptional networks, neuron differentiation, and post-embryonic development.  
Learned spatiotemporal flight showed differences in expression for genes associated with lipid 
transport, apoptosis, and actin cytoskeleton arrangement.  I also found multitudinous 
transcriptional differences between the sexes in this brain region independent of flight activity, 
with just over half of the genes in the genome being differentially expressed. 
 
These results show how the genome continues to orchestrate behavior long after its involvement 
in the “wiring” of the brain during development.  It supports the discontinuation of the use of the 
term “hard-wired” as a synonym for instinctive behavior, as more biological processes than just 
the wiring of the brain is involved.  The finding that instinctive and learned spatiotemporal flight 
behavior are largely unique in their expression differences shows that even similarly structured 
behaviors can have quite different molecular bases.  Rather than simply changing the arousal 
state of the animal in a generalized way to produce activity, the genome has a unique expression 
profile associated with each specific type of behavioral activity.   
 
The research presented in this dissertation adds to the understanding of honey bee reproductive 
behavior, but perhaps more importantly it contributes to the progress of overall biology in 
understanding the ultimate and proximate factors influencing behavior.  It advances knowledge 
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about why animals behave altruistically and how the genome is involved in instinctive and 
learned flight behavior.   
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CHAPTER 2:  
ALTRUISTIC BEHAVIOR BY EGG-LAYING WORKER HONEYBEES 
 
 
ABSTRACT 
If a honeybee (Apis mellifera) colony loses its queen, worker bees develop their ovaries and 
produce male offspring. Kin selection theory predicts that the degree of altruism in queenless 
colonies should be reduced because the relatedness of workers to a hivemate’s offspring is less in 
queenless colonies than it is to the daughters of the queen in queenright colonies. To explore this 
hypothesis, we examined the behavior and physiology of queenless egglaying workers. 
Queenless bees engaged in both personal reproduction and the social foraging and defense tasks 
that benefited their colony. Laying workers also had larger brood-food-producing and wax 
glands, showing metabolic investments in both colony maintenance and personal reproduction. 
Whereas in queenright colonies there is a very clear age-based pattern of division of labor 
between workers, in queenless colonies the degree of individual specialization was much 
reduced. Queenless colonies functioned as a collective of reproductive and behaviorally 
generalist bees that cooperatively maintained and defended their nest. This social structure is 
similar to that observed in a number of primitively social bee species. Laying workers therefore 
show a mix of selfish personal reproduction and altruistic cooperative behavior, and the 
queenless state reveals previously unrecognized plasticity in honeybee social organization. 
 
 
 
_______________________ 
Chapter 2 was published in Current Biology in 2013: 
Naeger, N.L., Peso, M., Even, N., Barron, A. B., and Robinson, G. E. (2013) Altruistic Behavior by Egg-
Laying Worker Honeybees.  Current Biology 23:15 1574-78.  
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RESULTS AND DISCUSSION 
Honeybees (Apis mellifera) form one of the most complex animal societies. Within a colony, the 
single queen is typically the sole reproductive, supported by thousands of her daughters, who 
form a highly specialized and sterile worker caste. Kin selection theory has provided a 
framework for understanding the evolution of these pronounced social and altruistic traits 
(Hamilton, 1964; West-Eberhard, 1975; Foster et al., 2006). The theory proposes that altruistic 
traits would be selected for and spread if they increase the reproductive success of the altruists’ 
relatives (West-Eberhard, 1975; Foster et al., 2006). The unusual kin structure of queenright 
haplodiploid hymenopteran honeybee colonies provides conditions that promote both the 
evolution of worker altruism and mutual enforcement of worker sterility by policing (Queller and 
Strassmann, 1998; Ratnieks, 1988). Indeed, both evidence and theory suggest that the level of 
altruism seen in an animal society (considered in terms of investment in colony maintenance and 
raising relatives’ offspring rather than personal reproduction) is a function of the relatedness 
structure of the colony (Wenseelers et al., 2004; Wenseelers and Ratnieks, 2006a; Wenseelers 
and Ratnieks 2006b). 
 
If workers are unable to raise a replacement queen, the colony becomes hopelessly queenless. In 
this phase, the only reproductive options available to workers are to produce their own male 
offspring (workers cannot mate, and their haploid eggs develop into males) or assist other 
workers in reproducing and thereby raise their nephews (Seeley 1985; Page and Erickson 1988; 
Page and Metcalf 1984). The relatedness structure of a queenless honeybee colony is radically 
different from a queenright colony (Wenseelers et al., 2004), and under such conditions, the level 
of altruism displayed by workers is expected to decrease and the degree of reproductive conflict 
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to increase (Wenseelers et al., 2004; Wenseelers and Ratnieks, 2006a). It is well known that 
many queenless workers develop their ovaries and lay eggs (Figure 2.1A). Under those 
circumstances, it is commonly assumed that reproductive workers selfishly prioritize their own 
reproduction over colony tasks; this raising of sons offers a direct fitness benefit, as compared to 
assisting with raising less-related nephews or brothers (Woyciechowski and Kuszewska, 2012; 
Hillesheim et al., 1989; Cardoen et al., 2011), and should cause workers to stop performing the 
demanding and risky foraging and defensive tasks that benefit the colony (Cardoen et al., 2011; 
Mattila et al., 2012). However, the behavior of workers in queenless honeybee colonies has been 
little studied. Here, we examined the behavior and physiology of workers in hopelessly 
queenless colonies to determine whether altruism persists, and to examine the nature of social 
organization in the queenless condition.  
 
Foraging benefits the colony but is both metabolically costly (Williams et al., 2008) and risky 
(Woyciechowski and Moron, 2009)] for the individual bee. To determine whether laying worker 
bees engaged in personal reproduction continue altruistic behaviors, we sampled forager and 
nonforager bees from queenless colonies and dissected them to assess their level of ovary 
activation (Hess, 1942). We found no difference in the degree of ovary activation between 
forager and nonforager bees (Figure 2.1B). Furthermore, in comparisons of age-matched samples 
taken from three independent queenless colonies, at 14 days of age there was no difference in the 
level of ovary activation between foragers and nonforagers, but at 21 days of age the overall 
degree of ovary activation was higher in foragers, and foragers were more likely to have fully 
developed ovaries  containing at least one developed egg) than nonforagers (Wald chi-squared = 
9.216, n = 73, df = 1, p = 0.002). In addition, bees that were marked in the act of laying were as 
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likely to be later observed foraging as bees that did not lay (Wald chi-squared = 0.300, n = 30, df 
= 1, p = 0.5839; see Figure S2.1 available online). For these analyses, ovary development was 
scored on a five-point scale following (Hess, 1942). Collapsing these data to a binary scale 
considering levels 1 and 2 as inactive and levels 3+ as active (a common convention for these 
data), we found that ovary development was significantly influenced by the presence or absence 
of the queen (generalized mixed model assuming binomial error: analysis of deviance: p < 0.001) 
and varied between colonies in our study (p = 0.038), but there was still no significant difference 
in levels of ovary activation between foragers and nonforagers (p = 0.426). A similar mode of 
analysis confirmed no difference in ovary development between foragers and nurses (p = 0.785), 
source colony (p = 0.226), or age (p = 0.724) in the age-matched samples collected at 14 and 21 
days old. In summary, several experiments conducted with seven different colonies showed that 
reproductive workers in queenless colonies are as likely to forage as bees with less-developed 
ovaries.  
 
Foraging is individually costly, but participating in colony defense is suicidal because the act of 
stinging causes the death of the individual worker. To test whether laying workers altruistically 
engage in colony defense, we disturbed a queenless colony by removing the hive cover and 
shook a black lure over the exposed honeycombs to then sample bees that attacked the lure and 
bees that did not. There was no difference in the level of ovary activation between attackers and 
nonattackers (Figure 2.1C). We also tested the likelihood to sting in response to an electric shock 
in a laboratory assay for aggressiveness (Uribe-Rubio et al, 2008). Level of ovary activation had 
no effect on the likelihood of stinging in response to the shock stimulus (Figure 2.1D). 
Furthermore, there was no difference in the likelihood to sting for bees with fully developed 
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ovaries compared to those without (Fisher’s exact p = 1.0), or those observed to have laid an egg 
compared to randomly sampled control bees (Fisher’s exact p = 0.279; Figure 2.1E). Taking 
these results together, multiple experiments conducted with five colonies indicated that 
reproductive workers in queenless colonies are as likely to engage in colony defense as bees with 
less developed ovaries.  
 
In addition to engaging in personally risky behaviors that benefit the colony, reproductive 
workers in queenless colonies also metabolically invested in brood food and wax production for 
the good of their colony. Queenright honeybees show precise task-related physiological 
specializations, with a negative association between development of the brood-food-producing 
hypopharyngeal glands (HPGs) and ovary development (Woyciechowski and Kuszewska, 2012), 
demonstrating a physiological trade-off between personal reproduction and investment in colony 
maintenance. By contrast, we observed a significant positive correlation between ovary 
development and HPG development in bees from queenless colonies (Figure 2.2A). There was 
also a significant positive correlation between ovary development and the number of fully 
formed wax flakes produced by the abdominal wax glands (Figure 2.2B).  
 
The observed coactivation of HPGs and wax glands in queenless bees deviates markedly from 
the precise task-related physiological specializations typically seen in workers from queenright 
colonies, which have a predictable age-based system of division of labor (Seeley, 1985; 
Robinson, 1992). To explore this further, we performed direct comparisons of bees in queenright 
and queenless colonies of similar population sizes. After marking all foragers over the course of 
at least two days, we collected them along with samples of nonforaging hivemates and measured 
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development of the ovaries, HPGs, and wax glands. Foragers in queenless colonies (N = 4) had 
greater HPG (ordered logit, n = 194, pseudo R2 = 0.1772, p < 0.0001; Figure 2.2C) and wax 
gland development (ordered logit, n = 195, pseudo R2 = 0.1445, p = 0.001; Figure 2.2D) than 
those in queenright colonies (N = 3). Similar results were obtained for a sample of queenless 
foragers that were 8 weeks old and were known to have been foraging since 3 weeks of age 
(Figure S2.2). Principal component analysis based on ovary, HPG, and wax gland development 
measurements (N = 6 colonies, n = 165 individuals) revealed that whereas queenright workers 
differentiated into separate forager and nonforager clusters, queenless workers did not (Figure 
2.3). These results indicate that task specialization has broken down in queenless colonies, with 
forager bees maintaining the capacity to engage in brood care and colony maintenance tasks as 
well as personal reproduction.  
 
Previous reports have shown a negative association between level of ovary development and 
level of foraging activity (Hillesheim et al, 1989; Mattila et al, 1012; Dampney et al., 2004) and 
HPG development (Woyciechowski and Kuszewska, 2012) in queenright colonies, where full 
ovary activation and worker reproduction are very rare. Although in this study we did not 
directly compare worker activity levels in queenright and hopelessly queenless colonies, we have 
conclusively shown that queenless workers split investment between both their own personal 
reproduction and the altruistic behaviors of foraging, colony defense, and maintenance, and that 
engaging in personal reproduction does not reduce the likelihood of bees engaging in colony 
defense and foraging roles. 
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In a queenright colony, worker task specialization is organized by temporal polyethism, with 
bees beginning life engaged in in-hive tasks and delaying high-risk colony defense and foraging 
tasks until later in life (Jeanne, 1986; Tofilski, 2002; Tofilski, 2009). Elements of this pattern 
were preserved in queenless colonies, in that most queenless workers commenced foraging when 
>2 weeks old (comparable to behavioral development in queenright colonies; Figure S2.3). 
Beginning high-risk foraging tasks later in life is a common pattern across social insects and 
appears to be an evolved strategy to maximize lifespan, lifetime colony investment, and personal 
reproduction (Jeanne, 1986; Tofilski, 2006). This basic pattern was preserved in queenless 
colonies, but unlike in queenright colonies, bees did not then exclusively specialize on foraging.  
The generalist behavior of reproductive workers in queenless colonies that forage and defend the 
hive while maintaining the ability to care for brood, build comb, and lay eggs is similar to 
solitary or primitively social bees. Queenless honeybee colonies resemble a communal form of 
social organization called ‘‘quasisociality,’’ defined as individuals of a single generation that 
share a nest and exhibit cooperative brood care (Michener, 1974). This type of sociality is 
exhibited by many euglossine orchid bees (Michener, 1974), the most closely related extant 
taxon to the honeybees (Cardinal and Danforth, 2011). The queenless state thus exposes 
heretofore unrealized plasticity in honeybee social organization, with queenless bees manifesting 
an atavistic social structure typical of many primitively social species. 
 
Our data support the predictions from kin selection models that reproductive conflict is increased 
in queenless colonies (Wenseelers et al., 2004), but altruism is far from eliminated, and 
individual bees split investment between selfish and altruistic behavior. For a hopelessly 
queenless colony, there may be a strong selective advantage for reproductive workers to prolong 
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the life of their failing colony as long as possible to maximize chances of successful male 
production. In quasisocial species of bees, individuals benefit from cooperative group defense, 
‘‘life insurance’’ via cooperative brood care, and other forms of reciprocity (Queller and 
Strassmann, 1998). Even in colonies founded by completely unrelated individuals, seen in some 
ant species, there is a benefit to cooperation between the unrelated egg-laying foundresses 
(Bernasconi and Strassmann, 1999). Reproductive queenless honeybees may obtain similar 
fitness benefits by directing resources and costly but beneficial behaviors toward supporting their 
colony, raising the fitness of all (Reeve and Holldobler, 2007). The hopelessly queenless state is 
the terminal phase of a honeybee colony, because a colony that cannot raise workers cannot 
survive. But even in this late stage, reproductive workers communally maintain and defend their 
nest. Queenless colonies continue to function as a cooperative unit but display a simpler social 
order, reduced behavioral specialization, and worker investment in both colony maintenance and 
personal reproduction. 
 
EXPERIMENTAL PROCEDURES 
Honeybee Colonies 
All colonies were mixed races of Apis mellifera, mostly ligustica. Colonies 1–4 were each 
established on January 13, 2011 at Macquarie University, North Ryde campus, New South 
Wales, Australia. Each colony was started from a 1 kg ‘‘package’’ of bees from Australian 
Queen Bee Exporters. Packages are artificial swarms created by collecting young worker bees en 
masse from the brood nests of many different colonies and represent a mix of genotypes. They 
were installed into hives with five honeycomb frames: two frames of honey; one frame with a 
cell diameter appropriate for male larvae; and two frames that contained a mix of empty cells, 
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pollen, honey, and worker brood. The hives were monitored for replacement queen cells, which 
were removed in colonies 1, 2, and 4. Colony 3 was allowed to rear a replacement queen to serve 
as a queenright control. After worker-laid brood appeared, frames of honeycomb containing 
brood were taken from queenright colonies and placed in an incubator at 34°C. One-day-old 
adult workers that came from these frames were marked with a paint dot on the thorax and 
introduced as cohorts of 1,000 individuals into each of the colonies. 
 
Colonies 5–10 were created by moving five frames of honeycomb (as above) and several 
thousand workers from a large colony into a new hive. Colonies 5, 6, 7, and 9 were created 
queenless, whereas colonies 8 and 10 had the queen moved along with her workers to the new 
hive. The four queenless colonies were monitored, and the rearing of replacement queens was 
prevented to force the colonies to become hopelessly queenless. Colonies 5 and 6 were 
established in Sydney, Australia, and colonies 7–10 were established at the University of Illinois 
Bee Research Facility, Urbana, Illinois, USA. Colonies were transported to a new location to 
prevent the bees from flying back to the original hive. Experiments were not started until the first 
worker-laid brood appeared.  
 
Foraging Assays 
To compare ovary activation between foragers and nonforagers of known age, we monitored the 
paint-marked cohorts in colonies 1, 2, and 4 for at least four periods of 15 min per day before 
midday and another four periods after midday. Foragers were identified by either a visible pollen 
load on the corbicula or a distended abdomen and were painted on the abdomen with a unique 
color for each day. This continued from day 8 to day 21 of age. During this interval, frames were 
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occasionally removed from the hive, and bees observed in the act of laying eggs were marked 
with a paint dot, as were random control bees nearby. The foraging behavior of these bees was 
recorded. On days 14 and 21, the hive was opened, and bees marked as foragers and bees from 
the cohort without a foraging mark were collected. For bees of natural age demographics, all of 
the foragers from colonies 3 and 5–10 were marked over the course of 2–4 days. Foragers and 
nonforagers were then collected as they returned to the hive and from inside the hive, 
respectively. Additionally, 8-week-old bees were collected from colonies 1 and 2 to test whether 
the maintenance of developed glands into the foraging phase was a result of a younger age at 
first forage.  
 
Defensive Assays 
Defensive behavior was measured in colonies 1, 2, 4, 5, and 6 by removing a honeycomb frame 
from the colony and waving a black lure over it. The lure consisted of small leather patch with 
three stings on it from bees from another colony, surrounded by a ball of black feathers. Bees 
that flew to and attacked the lure were collected, as well as those that did not respond 
(considered controls). For the electric shock assays, bees from these colonies that were directly 
observed laying eggs as well as random nearby control bees were collected individually into 
vials. Bees were then transferred to a 12 x 12 cm arena with a floor composed of parallel 
stainless steel wires 2 mm in diameter. A BK Precision 1696 power supply was used to apply a 
constant 9V stimulus; this voltage was shown in pilot experiments as well as previous studies 
(Uribe-Rubio et al., 2008) to be a good discriminating voltage between bees that will versus 
those that will not sting. Two experimenters, blind to the behavioral group of the bee, observed 
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whether or not the bee stung at the device. Bees were then collected into ethanol for ovary 
dissections. 
 
Dissections and Gland Scoring 
All dissections were performed under dissecting microscopes with the experimenter blind to the 
behavioral group of the bee. The level of ovary activation was scored on a 1–5 scale in 
accordance with (Hess, 1942). HPGs were scored on a 1–3 scale, with a score of 1 representing 
completely underdeveloped or atrophied glands and a score of 3 representing fully developed 
glands that filled the internal space between the brain and anterior cuticle. Wax gland 
development was scored by counting the number of fully formed wax flakes on the abdominal 
sternites. Zero or one flakes were considered ‘‘low,’’ two or three flakes ‘‘middle,’’ and four or 
more flakes ‘‘high’’ in terms of gland development. 
 
Statistical Analysis 
Wald Chi-square, Fisher’s exact tests, and least-squares regressions were performed using 
MYSTAT 12 (Cranes Software International). Ordered logits were performed using STATA 
version 9.2 (StataCorp). For comparing ovary activation between foragers and nonforagers or 
defensive and nondefensive bees, level of ovary activation was analyzed with an ordered logit 
model with behavioral classification, colony number, and the interaction as explanatory 
variables. For comparing HPG activation, the level of activation was also analyzed with an 
ordered logit model with colony type (queenless or queenright) and colony number as 
explanatory variables. Principal component analysis was performed in SAS 9.2 (SAS Institute). 
HPG, wax, and ovary data were transformed using PROC PRINQUAL, and principal 
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components were generated using PROC FACTOR, with jitter applied to allow multiple points 
occupying the same two-dimensional space to be visible. 
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FIGURES 
 
Figure 2.1.  Reproductive Worker Honeybees Do Not Avoid Risky Behaviors (A) A worker 
honeybee, previously marked as a forager, laying an egg. (B) Distribution of mixed-age foragers 
and nonforagers with different levels of ovary activation (n = 119 foragers and 125 nonforagers; 
ordered logit, pseudo R2 = 0.0305, p = 0.287) and age matched cohorts of 14 days (n = 68 
foragers and 153 nonforagers; ordered logit, pseudo R2 =0.0027, p = 0.590) and 21 days (n = 
133 foragers and 140 nonforagers; ordered logit, pseudo R2 =0.0269, p = 0.042).(C) No 
differences were observed in ovary activation between bees that defended the hive against a 
simulated vertebrate predator (n = 207) and those that did not (n = 195) (ordered logit, pseudoR2 
= 0.0065, p = 0.084).(D) No differences were observed in ovary activation between bees that 
responded to a 9V electric shock by stinging (n = 75) and those that did not(n = 60) (ordered 
logit, pseudo R2 = 0.0065, p =0.159); bees observed laying eggs were purposefully 
oversampled.(E) No differences were observed in likelihood of stinging in response to 9V 
electric shock between bees observed laying eggs (n = 48) and randomly sampled hivemates (n = 
87) (Fisher’s exact test,p = 0.279). 
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Figure 2.2.  Reproductive Worker Honeybees Maintain Physiology for Hive Tasks  (A and B) 
The level of hypopharyngeal gland (HPG) development (A) and wax production (B) is positively 
correlated with the level of ovary activation in queenless colonies (least-squares regression, n = 
392, R2 = 0.049, p < 0.0001 for HPG; least-squares regression, n = 431, R2 = 0.163, p < 0.0001 
for wax). Workers in queenright colonies rarely have highly activated ovaries. Sample sizes are 
shown at the base of the bars; error bars represent SEM. (C and D) Workers in colonies with 
laying workers were more likely  to maintain HPGs (C; ordered logit, n = 194, pseudo R2 = 
0.1772, p < 0.0001) and wax glands (D; ordered logit, n = 195, pseudo R2 = 0.1445, p = 0.001) 
while foraging than workers in queenright colonies. 
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Figure 2.3.  Honeybee Colonies with Laying Workers Lose Division of Labor.  Principal 
component analysis of HPG, wax gland, and ovary development  revealed that foragers (green, 
3) and nonforagers (brown, 6) from queenright colonies formed distinct clusters, whereas 
foragers (blue, B) and nonforagers (red, +) from colonies with laying workers did not. 
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SUPPLEMENTAL MATERIAL 
 
Supplemental Figure 2.1.  Bees directly observed laying eggs were as likely as random bees to 
later be observed foraging. 
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Supplemental Figure 2.2.  Eight-week-old bees maintained developed HPGs, wax glands, and 
ovaries. This includes bees that had been foraging from before their third week of age, 
suggesting that the gland development found in other experiments is a result of a loss of division 
of labor and not a lack of time for the glands to atrophy. Error bars represent SEM. 
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Supplemental Figure 2.3.  Cumulative number of bees beginning to forage between 7 and 20 
days of age in three independent queenless colonies. In each colony bees were from an age 
matched and marked cohort of 1,000 bees added to each colony. Rates of onset of foraging in 
queenless colonies were comparable to those documented from queenright colonies 
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CHAPTER 3: 
 COMPARATIVE TRANSCRIPTOMIC ANALYSIS OF INSTINCTIVE AND LEARNED 
BEHAVIORS IN HONEY BEES 
 
ABSTRACT 
I used whole-genome transcriptomics to explore similarities and differences between instinctive 
and learned spatiotemporal behaviors in honey bees: mating flights by males (drones) and 
foraging flights by time-trained female worker bees. Drones take mating flights to find queens at 
specific times of day on an instinctive basis, while workers learn to forage from flowers at 
different locations that produce nectar and pollen at different times of day. I trained workers to 
visit an artificial feeder only during a 3-hour window of time that coincided with the timing of 
the drone mating flights.  Both drones and time-trained workers were collected in the afternoon 
as they initiated their flight behavior to look for mates or food, respectively, while other drones 
and trained workers were collected in the morning when they were inactive.  RNA sequencing 
was performed on the mushroom bodies, an area of the brain associated with multimodal 
processing and memory, to obtain whole-genome patterns of gene expression. I detected several 
strong signatures of differential gene expression. First, there were massive differences in 
mushroom body gene expression between drones and workers (5,680 genes), as has been shown 
previously for the whole brain. Second, there was a common set of genes (166) associated with 
the performance of both behaviors, suggesting that instinctive and learned behaviors share 
common molecular architecture. This set was enriched for Regulation of RNA Metabolic 
Process, Transcription Factor Activity, and Response to Ecdysone. Third, there were genes that 
showed differences in expression between the two behaviors, highlighting differences in the 
underlying neurogenomic bases of instinctive and learned behaviors, even those that have similar 
architecture. Genes associated specifically with the onset of drone mating flight behavior (623 
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genes) contained numerous transcription factors and were statistically enriched for genes 
involved in Transcription, Unfolded Protein Binding, Post-embryonic Development, and Neuron 
Differentiation. Genes associated specifically with the onset of worker foraging flight behavior 
(473) were enriched for genes involved in Lipid Transport, Regulation of Programmed Cell 
Death, and Actin Cytoskeleton Organization.  These results demonstrate the remarkable 
plasticity of brain transcriptomes and show how unique sets of genes are coexpressed with a 
common core for each unique type of spatiotemporal flight behavior. 
 
 
 
 
 
 
  
30 
 
INTRODUCTION 
Biologists have long recognized the importance of innate behavior and pondered how animals, 
including those with relatively small brains, can be born with such rich behavioral repertoires.  
Although several innate behaviors have been analyzed extensively (i.e. monarch butterfly 
migration, Zhan et al., 2014; rodent mating, Shelley et al.,  2006; rodent aggression, Takahashi 
and Miczek, 2015; song learning in birds Balakrishnan et al., 2014) general principles underlying 
the genetics and molecular basis of innate behavior have remained elusive.  One of the founders 
of modern ethology, Lorenz, divided behavior into either instinctive or learned, but few studies 
have attempted to identify similarities and differences in the brain that create the two basic types 
of behavior.  Many questions remain about how complex behaviors can be encoded in the DNA 
of an animal.   
 
Honey bees (Apis mellifera) are an excellent model for studying this issue because they have a 
vast behavioral repertoire of both innate and learned behaviors.  Honey bee (female) workers 
instinctively know how to perform many remarkable behaviors, including building perfectly 
shaped waxen honeycomb and performing the symbolic dance language for communication with 
hivemates (von Frisch, 1967).  They also can learn many different things to support their 
foraging behavior, such as specific places, shapes, colors, odors, and times associated with food 
rewards (Bogdany, 1978).  Honey bee (male) drones possess a reduced collection of behaviors 
that reflects their relatively narrow task allocation in the hive.  Drones do not contribute to 
foraging, defense, brood care, or maintenance of the hive, and rather only consume hive 
resources to accomplish their sole goal of mating with a queen from a different colony (Winston, 
1987).  When drone honey bees reach sexual maturity about one week after adult eclosion, they 
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begin to make daily mating flights and leave the hive in search of virgin queens.  The timing of 
these mating flights is both innate and species-specific within the genus Apis, with A. mellifera 
drones initiating mating flights around 14:00-16:00 in the afternoon, and other species making 
their mating flights during similarly narrow windows of time either earlier or later in the day 
(Rinderer et al., 1993).  In addition, different honey bee species congregate at different locations 
based on landscape features (Koeniger and Koeniger, 2004); the location of these drone 
congregation areas is consistent year to year despite all drones dying during the winter, strongly 
suggesting that the selection of these locations is also instinctive (Tribe, 1982).  This 
spatiotemporally limited flight behavior likely evolved as a form of mating isolation that 
overcomes the rather similar pheromonal bouquets within the genus (Plettner et al., 1997) and 
prevents interspecific matings that result in inviable offspring (Remnant et al., 2014).  Little is 
known about how the drones enact this innate timing of flight; however, behavioral experiments 
have demonstrated that altering temperature and photoperiod can shift the time of flight (Oxley 
et al., 2010), suggesting that the drones and queens are using an internal clock that is entrained to 
the day/night cycle. In addition, the age at onset of mating in drones is influenced by juvenile 
hormone (JH) as is the age at onset of foraging in worker honey bees (Giray and Robinson 1996; 
de Oliveira Tozetto et al., 1997), indicating a common regulatory mechanism across the sexes.  
 
Honey bee workers also perform time-specific behaviors, including foraging for different food 
resources at specific windows of time during the day. Workers can learn both the location of 
floral resources and the time of their availability in a way that optimizes their foraging patterns 
(Van Nest and Moore, 2012).   Transatlantic transplantation of time-trained bees demonstrated 
that the spatiotemporal foraging patterns of workers are under the control of an internal clock 
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rather than any local environmental cues (Renner, 1957).  Transcriptomic analyses revealed that 
different spatiotemporal foraging memories are associated with distinct patterns of brain gene 
expression, including genes that regulate the circadian clock (Naeger et al. 2011). 
 
I used the spatiotemporal flight behaviors of worker and drone honey bees to explore the gene 
expression changes in the brain that accompany instinctive behaviors and how they are similar to 
or different from learned behavior.  I trained Apis mellifera workers to fly to an artificial feeder 
during the same window of time in the afternoon when drones were making mating flights.  I 
collected both groups of bees in the morning when inactive, and in the afternoon as they left the 
hive to perform spatiotemporal flight behavior.  By analyzing the differences in gene expression 
between drones and workers that coincide with the onset of flight activity, I identified changes 
unique to the instinctive and learned context as well as a common core set of changes associated 
with spatiotemporal flight in general.  I also describe overall differences in neurogenomic states 
between the sexes regardless of activity, and put these results into perspective by comparing 
them with other neurogenomic studies.   
 
RESULTS 
RNA sequencing 
The mushroom bodies (MB), a region in the dorsal protocerebrum of the brain involved in multi-
modal sensory processing, learning, and memory was selected for this analysis (Zars, 2000; 
Supplemental material, Figure S3.1).  In total 48 MB samples were sequenced, 12 individuals for 
each sex and each behavioral state, either beginning spatiotemporal flight behavior or inactive.  
Over 2.6 x10
9
 paired-end reads were generated using an Illumina Hi-seq2000 instrument.  After 
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trimming for quality and rare reads, there were on average just over 1.8 x10
7
 pairs of reads per 
sample mapping to the honey bee official gene models (Assembly 4.5, Elsik et al., 2014). This 
translates to an average of 64% of reads aligning to the honey bee genome. A total of 11,242 
genes were detected above a threshold expression of 1 CPM (count per million).   
 
Sex differences in mushroom body (MB) gene expression 
Using a significance threshold of FDR <0.05, and considering both time points for both sexes, I 
identified 5,680 genes differentially expressed between the sexes.  Of the 2,922 genes that were 
higher in drones than workers, 116 had a log2 fold change greater than 2, as did 48 of the 2,758 
genes higher in workers, indicating a mix of genes with high and low magnitude expression 
differences.  Principal Component Analysis revealed that this sex difference, represented by 
PC1, accounts for 20.2% of the variance in MB gene expression (Figure 3.1). GO enrichment 
analyses revealed 639 significantly enriched categories (Supplemental material, Table S3.1) 
including those associated with Alternative Splicing, Nucleotide Binding, Cytoskeleton 
Organization, Neuron Differentiation, Embryonic Development, and Learning and Memory. 
Genes annotated as being involved in sex determination in insects show a diversity of expression 
patterns. The genes sex lethal and doublesex did not show differential expression, complimentary 
sex determiner and feminizer were higher in drones, and transformer-2 and fruitless were 
upregulated in workers.   
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Mushroom body gene expression signature unique to instinctive spatiotemporal flight 
behavior in drones 
Post-hoc comparisons were used in the following three sections to identify various behaviorally-
related signatures of MB gene expression. Because bees were captured when inactive in the 
morning or as they exited the hive in the afternoon after prolonged inactivity, my analyses of 
differences between the time points should identify genes that reflect the motivational state to 
perform the behavior rather than any consequence of performing it.  There were 623 genes that 
showed significant differences in expression (FDR < 0.05) associated with the onset of drone 
mating behavior relative to the inactive state and that did not differ in expression in the (workers) 
learned context.  Of particular note are transcription factors including the genes Egr and Jun-
related antigen, and the hormone receptors Hr38 and Hr51.  Significantly enriched GO 
categories include Transcription, Unfolded Protein Binding, Post-embryonic Development, and 
Neuron Differentiation (Supplemental material, Table S3.2).  
 
Mushroom body gene expression signature unique to learned spatiotemporal flight 
behavior in workers 
Even though extensive brain gene expression changes are famously associated with learning 
(Kandel, 2001), I found fewer significant gene expression differences that were unique to worker 
time-trained behavior.  There were 473 genes that showed significant differences in expression 
associated with the onset of time-trained foraging behavior relative to the inactive state that did 
not differ in expression in the (drone) instinctive context.  These genes include Neprilysin2, 
Adenosine receptor, Turtle, and Arrestin2.  In addition, there were many unannotated genes on 
this list, including 26 of the 35 genes with the strongest expression differences (lowest FDR 
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values).  GO analysis revealed significantly enriched categories including Lipid Transport, 
Regulation of Programmed Cell Death, and Actin Cytoskeleton Organization (Supplemental 
material, Table S3.3).  Notably absent from this list of enriched categories was Learning and 
Memory, even though it was significantly enriched in the list of genes that differed between the 
sexes, as stated above. 
 
Mushroom body gene expression signature common to both instinctive and learned 
spatiotemporal flight behaviors 
A comparison of the two active states against the two inactive states in both behaviors made it 
possible to identify a set of genes that showed significant differences with the onset of flight 
activity in both drones and workers (Figure 3.2).  These genes either could be associated with 
spatiotemporal flight behavior in general, or with circadian changes that coincide with the two 
behaviors studied. There were166 genes that showed this overlapping pattern, which is highly 
significantly enriched compared to what would be expected by chance from the two separate 
analyses (RF=3.7, p < 2.11 x10
-54
).  Remarkably, 162 of the 166 genes were concordant in 
direction of change, further establishing that this set of genes shows similar transcriptional 
change across the two behaviors. In addition, the PCA (Figure 3.1) indicates that the 
transcriptomic signatures for bees beginning to express spatiotemporal flight behavior appeared 
to have less variation than those of bees collected while inactive; individuals of both sexes 
cluster closer together along the PC2 axis in the flight group as compared to the inactive group, 
again suggesting that spatiotemporal flight behavior is reflected in a unique neurogenomic 
signature.  Notable upregulated genes included Dopamine N-acetyltransferase, the transcription 
factors CrebA, Diminutive, and the Ecdysone receptor (GB48059), and the circadian clock genes 
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Vrille and Clockwork Orange.  Downregulated genes included the transcription factor Kruppel 
homolog 1, the histone methyltransferase G9a, and the circadian clock gene Cryptochrome2/(6-
4)-photolyase. Among the GO categories that were enriched for this set of genes were 
Regulation of RNA Metabolic Process, Transcription Factor Activity, and Response to Ecdysone 
(Supplemental material, Table S3.4).  Despite the presence of three genes annotated as involved 
in circadian rhythms as part of the set of 166 genes, GO categories such as Circadian Rhythms 
and Rhythmic Behavior were not significantly enriched (p>0.10). 
 
Whole genome coexpression network analysis (WGCNA) 
In addition to the above analyses of differential gene expression, weighted correlation network 
analysis (WGCNA; Langfelder and Horvath, 2008) was performed to identify genes that have 
similar patterns of expression to each other.  This unsupervised statistical analysis finds genes 
that are highly correlated with each other in expression and assigns them to modules.  
Hierarchical clustering of the eigengene values of these modules along with the grouping 
information revealed clusters of modules that correspond with the four patterns of gene 
expression described above (Figure 3.3).  
 
There were six modules significantly correlated (FDR <0.05) with sex differences, including the 
second and third largest module (Table 3.1).  Five modules were significantly correlated with 
drone instinctive flight behavior, and seven modules were significantly correlated with worker 
learned flight behavior.  Three of the modules were significantly associated with both instinctive 
and learned behavior, and again represent a common core of genes associated with 
spatiotemporal flight in general: midnight blue, red, and black (color names are randomly 
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assigned).  Midnight blue was the smallest of all modules with only 50 genes, but nevertheless is 
enriched for a few GO categories including Regulation of Histone Acetylation and Dendrite 
Morphogenesis.  The red module was significantly enriched for many GO categories associated 
with transcriptional regulation.  It included the transcription factors  Hr38, Hr51, egr, Kayak, and 
Ecdysone receptor, as well as the canonical clock genes Period, Vrille, and Clockwork orange.  
The black module also was enriched for GO categories associated with transcriptional regulation.  
It contained the transcription factors Creb A, Deadpan, Jun-related antigen, and Trithorax as 
well as the neurotransmitter associated genes Dopa decarboxylase and Dopamine N 
Acetyltransferase.   
 
The tan, purple, and brown modules also stand out as genes with patterns of interest.  Tan was 
the only module significantly associated with instinctive flight behavior but not learned flight 
behavior or general sex differences.  Additionally, tan and black clustered together in a branch of 
the hierarchical dendrogram that also contains modules associated with the onset of flight 
behavior. The tan module was enriched for numerous GO categories associated with protein 
folding and contained many heat shock proteins. Purple, conversely, was significantly associated 
with learned flight behavior, but not with instinctive behavior or general sex differences.  It was 
enriched for multiple GO categories associated with protein catabolic processes and protein 
localization.  The strongest statistical connection between a module and a particular contrast was 
the brown module and overall sex differences.  This large module with 1892 genes was enriched 
for the GO categories Extracellular Matrix, Cell Adhesion, and other membrane-associated 
terms.    
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Comparisons with other honey bee neurogenomic experiments  
RNA-seq results were then compared to results from two other relevant transcriptomic 
experiments to develop additional insights into the gene expression patterns detected here. 
Microarray analysis of similarly time-trained workers (Naeger et al., 2011) generated a list of 
genes significantly associated with spatiotemporal flight motivation, independent of the time of 
day.  Hypergeometric enrichment analysis revealed a significant overlap of genes shared 
between spatiotemporal flight motivation in that study and the learned spatiotemporal flight 
behavior of workers in the present experiment (p=0.010). However, there was also a significant 
enrichment of genes shared between trained workers in Naeger et al. (2011) and the instinctive 
flight behavior of the drones in the present experiment (p=0.049), suggesting that there is a 
consistent core set of genes associated with flight motivation across both learned and instinctive 
contexts.  These similarities exist despite the fact that Naeger et al. (2011) used microarray 
analysis of whole brain and the present study used RNA-seq results of the mushroom bodies.   
 
Another microarray analysis (Zayed et al, 2011) examined similarities and differences in 
behavioral maturation in drones and workers, related to the age at onset of mating flights and 
foraging behavior, respectively. There was a highly significant overlap of genes that showed sex 
differences in expression in that study and the present experiment (p=1.24x10
-23
).  By contrast, 
there was no enriched overlap between genes associated with drone behavioral maturation in 
Zayed et al. (2011) and the immediate activation of drone mating flights in the present study 
(p=0.763) or between worker behavioral maturation in Zayed et al. (2011) and the immediate 
activation of time-trained worker foraging flights (p=0.761).   
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DISCUSSION 
Among the most notable of the findings presented here is that the mushroom body gene 
expression signatures associated with the spatiotemporal flight behavior of drones and workers 
are largely different.  Even though the same brain region was used, the samples were collected at 
the same times of day from the same hives, and the behavioral rhythms were similar, there are 
more differences than similarities.   
 
Drone mating flights, which are instinctive, were associated with differences in expression for 
several transcription factors including steroid nuclear receptors Hr38 and Hr51.  Although sex 
determination in insects is largely genetic, there is evidence that steroid hormones such as the 
ecdysteroids act like androgens in sex-specific ways and may affect behavior (de Loof, 2006).  
Additionally, Hr51 is known to function in axon guidance and extension in the mushroom bodies 
of Drosophila melanogaster (Lin et al., 2009).  Another transcription factor, Egr, is involved in 
neuroplasticity in vertebrates (Knapska and Kaczmarek, 2004) and has been shown to be 
upregulated in the mushroom bodies of workers following an orientation flight during which 
they learn their surroundings (Lutz and Robinson, 2013).  I found that even though individuals 
were collected as they were leaving the hive and thus did not have the opportunity to learn their 
surroundings, drones had a dramatic increase in Egr expression as they undertook mating flights 
(log2 fold change = 2.7; FDR=1.91x10
-8
) while workers did not.  Rather than changing 
expression transiently in response to a learning event, in drones Egr expression precedes the 
flight behavior and could be associated with priming the brain for navigational learning or the 
motivational state for instinctive spatiotemporal flight.  It is unlikely that this gene or others are 
priming the brain for learning associated with mating since drones die after mating.  The function 
of this change in expression remains to be understood.  
40 
 
 
Several heat shock proteins and GO categories such as Unfolded Protein Binding were 
significantly associated with the onset of flight behavior in both workers and drones.  This result 
was obtained from both differential gene expression analysis and WGCNA.  Although this could 
be in preparation for encountering the less predictable and more stressful environment outside 
the hive, heat shock proteins have also been implicated as important for circadian behavior in 
Drosophila (Hung et al., 2009).  Finally, the significant enrichment of GO categories such as 
Post-embryonic Development and Neuron Differentiation implies that genes traditionally known 
to be involved in development are also playing important functions in adults.  This suggests that 
the genes involved with building the molecular and physiological underpinnings of a behavior 
are also involved in their maintenance and expression.   
 
The genes associated specifically with time-trained flight behavior in workers showed significant 
overlap with the genes found in a previous study of the same behavior. Given that the previous 
study was performed with microarrays and the present study performed with RNAseq, this result 
suggests that there is a replicable transcriptomic signature associated with the initiation of 
spatiotemporal foraging independent of the time of day when training and flight occur.  
Examining both the enriched GO categories and some of the differentially expressed genes, it is 
apparent that this signature involves several elements related to neural plasticity. One of the 
clearest hints at the physiological processes underlying this behavior is the enrichment for 
cytoskeleton terms, mainly terms associated with actin.  Actin is involved in the remodeling of 
dendritic spines, an important process for neuroplasticity (Dillon and Goda 2005). The enriched 
terms for protein catabolism and localization hint at posttranslational processes being involved in 
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learned spatiotemporal flight. Other enriched terms are more unexpected, such as Lipid 
Transport and Regulation of Programmed Cell Death, and may reflect limitations in current 
knowledge and annotations. Genes showing consistent expression differences associated with 
time-trained behavior in workers include Neprilysin2, an endopeptidase responsible for clearing 
proteins such as Amyloidβ  from the brain (Hafez et al., 2011); Turtle, a cell adhesion protein 
necessary for axon guidance (Cameron et al., 2013) and flight behavior (Bodily et al., 2001); 
Arrestin2, a gene necessary for terminating of neurotransmitter signals, and Adenosine receptor 
which is targeted by caffeine, a drug shown to increase associative learning in bees (Wright et 
al., 2013). These are prime targets for future functional analyses. 
 
There also was a common set of genes that was differentially expressed similarly in both the 
instinctive and learned behavioral contexts. It is possible that this pattern reflects the fact that 
time differences were necessarily confounded with the comparisons of active and inactive states 
in both behaviors. In support of this possibility, a few of the canonical clock gene transcription 
factors known to regulate circadian rhythms (reviewed Allada and Chung, 2010) were 
differentially expressed similarly in both the instinctive and learned behavioral contexts, 
including Vrille, Clockwork Orange, and Cryptochrome2/(6-4)-photolyase. It is possible this 
reflects the entrainment of bees to the day/night cycle, allowing for consistent timekeeping based 
on internal states rather than acute cues from the environment.   
 
The common set of genes that was differentially expressed similarly in both the instinctive and 
learned behavioral contexts also included transcription factors other than the canonical clock 
genes, suggesting that the molecular underpinnings of the two behaviors share more than just a 
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circadian component. This gene set includes CrebA, a well-known as a regulator of neural 
plasticity in both vertebrates and invertebrates (Sakamoto et al., 2011), which has also been 
implicated as a key regulator of behavioral plasticity in the honey bee specifically 
(Chandrasekaran et al., 2011).  Kruppel homolog 1, a transcription factor involved mediating the 
action of juvenile hormone (Minakuchi et al., 2008), also was on the common list. Juvenile 
hormone has previously been shown to influence the age of onset of both drone mating (Giray 
and Robinson, 1996; de Oliveira Tozetto et al., 1997) and worker foraging (Elekonich et al., 
2001) flights. WGCNA analysis also revealed modules common to both behaviors that were 
enriched with transcription factors, including genes related to dopamine neurotransmission.  
Dopa decarboxylase and Dopamine N Acetyltransferase are two genes that control the level of 
dopamine in the brain that were upregulated in both the instinctive and learned contexts.  
Dopamine levels are higher in forager brains compared to hive workers (Wagener-Hulme et al 
1999), and higher in mature drone brains compared to younger males (Harano et al., 2008).  In 
vertebrates, dopamine is well known to be associated with motivation (reviewed in Salamone 
and Correa, 2012), and the experiments in this study in essence compared unmotivated bees to 
those motivated to fly. This study adds to the previously recognized connections between JH, 
dopamine, and honey bee behavior in both drones and workers, suggesting that these molecules 
are indeed central regulators of flight behavior, both instinctive and learned.  
 
Over half of the genes expressed in the mushroom bodies were differentially expressed between 
the sexes. This difference was especially pronounced in the comparison between instinctive and 
learned flight behaviors; approximately three times the number of genes was found to be 
specifically associated with each behavioral context than were shared in the common core.  This 
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pattern implies that even similarly structured behaviors with similar endocrine foundations can 
be more different than similar, at least in terms of the numbers of genes that show different or 
similar patterns of gene expression.  Honey bees have haplodiploid sex determination, with 
haploid males developing from unfertilized eggs and diploid females developing from fertilized 
eggs.  Even though endoreduplication can occur within some tissues such as drone flight muscle 
to restore diploidy (Aron et al., 2005), this process does not occur in the brain, leaving open the 
question of how gene dosage compensation can occur on such a mass scale when half the 
genome is differentially expressed.  It is possible that the differences in gene expression are 
being driven largely by differences in alternative splicing.  For example, exon skipping would 
lead to fewer sequencing reads per gene resulting in lower expression values even though an 
equivalent number of protein products are created downstream.  In both Drosophila and honey 
bees, a cascade of alternative splice events is involved with genetic sex determination (Nissen et 
al., 2012).  In addition, there is evidence that DNA methylation is involved in alternative splicing 
in honey bees (Lyko et al., 2010; Li-Byarlay et al., 2013), but no genomic investigation has yet 
to directly test the relationship between DNA methylation in drones and alternative splicing.  
These results demonstrate how the same tissue in different honey bee castes can differ 
dramatically at the transcriptomic level and highlight how the genome continues to orchestrate 
sex differences after development.  
 
This study is the first to describe neurogenomic differences associated with the instinctive flight 
behavior of drones, and among the first attempts to describe the similarities and differences 
between instinctive and learned behavior at the molecular level.  Gene expression and gene 
network analyses have identified shared and unique genes for each behavioral context, as well as 
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large differences between the sexes in this brain region.  Future challenges include identifying 
which genes are causative in their relationship with spatiotemporal flight behavior, and 
elucidating the interactions between the gene expression changes and other neuroendocrine and 
neurophysiological changes responsible for behavior. 
 
MATERIALS AND METHODS 
Three colony-level replications of the experiment were performed in the summer of 2013 at the 
University of Illinois Bee Research Facility (Urbana, IL).  Each of the three colonies used in 
these experiments was headed by a naturally mated queen, contained 8,000-10,000 workers and 
several hundred drones, and were maintained according to standard methods. 
 
At the start of each replicate, the colony was moved into a large (20m x 6m x 3m) outdoor 
screened enclosure to control the time of food availability.  Every afternoon at 1400-1700 CST a 
feeder containing 50% sucrose solution was added to the enclosure at the opposite end from the 
hive, coinciding with the time that mating flights begin for drones at this locality.  After one 
week to allow for the colony to adjust to the new environment and to allow the foragers to train 
themselves to the time and location of food availability, workers and drones performing 
appropriate flight behavior were marked with a system of paint dots on the thorax and abdomen.  
A different color of paint was used each day in order to track consistent behavior, and only bees 
exhibiting at least three days of consistent flight behavior were used for analysis.  Foragers were 
marked at the feeder in the minutes before and the first three minutes after the sucrose feeder was 
made available in order to identify bees that were at the right place at the right time before any 
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chance of hivemate recruitment.  Drones were marked between 1400-1500; they were typically 
found walking on (or persistently flying into) the walls of the enclosure.   
 
After a sufficient number of workers and drones had demonstrated consistent flight behavior, 
collections began. Paint-marked foragers and drones were collected into liquid nitrogen at the 
hive entrance as they exited the hive, prior to the onset of flight, in order to prevent any effects of 
flight on brain gene expression; I was interested in capturing the transcriptomic signature 
associated with the motivational state to fly. The next morning at 0900 CST the hive was opened 
and remaining marked bees were collected into liquid nitrogen, to capture the transcriptomic 
signature of the same group of drones and workers, this time in an inactive state. 
 
Heads were removed while frozen and then incubated for 16 h in RNA Later ICE (Ambion). 
Brains were dissected to obtain samples containing the mushroom bodies and surrounding nuclei 
(Supplemental material, Figure S3.1), following an established protocol (Sen Sarma et al., 2009; 
Lutz and Robinson, 2013).  The MB is an area of the brain associated with multimodal 
processing and memory, thus likely involved in both instinctive and learned behavior. RNA was 
extracted using Picopure RNA isolation kits (Applied Biosystems), and poly-adenylated RNA 
was enriched using Oligo(dT)25 Dynabeads (Thermo Fisher Scientific Inc.).  RNA was then 
fragmented and converted to cDNA (NEXTflex Directional RNA-Seq Kit dUTP Based 
instructions, Bioo Scientific Corporation). Average fragment sizes were estimated with a 
BioAnalyzer High sensitivity DNA assay (Agilent Technologies). cDNA libraries were labeled 
with NEXTflex RNA-Seq Barcodes for multiplexing during sequencing.  
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In sum, 48 samples with the best cDNA quality metrics were chosen for RNA sequencing, 12 
individuals from each sex and each time of collection.  The final cDNA library concentration 
was estimated using a Qubit (Thermo Fisher Scientific Inc.), and then 8 libraries were pooled. 
The total concentration of all adapter-ligated fragments within assembled library pools was 
confirmed using KAPA Library Quantification kits (Kapa Biosystems). The pooled libraries 
were sequenced on a HiSeq 2000 (Illumina Inc.) at the W.M. Keck Center for Comparative and 
Functional Genomics, University of Illinois at Urbana-Champaign. 
 
Reads were trimmed to remove adapter and low quality sequence information using 
Trimmomatic (v0.30; Bolger et al., 2014), and mapped to the v4.5 build of the honey bee 
genome (Elsik et al. 2014) using TopHat (v2.0.8; Trapnell et al., 2009). I counted reads mapping 
to genes (Official Gene Set 3.2) using HTseq (v0.54; Anders et al., 2014).  Genes without at least 
1 cpm in five individuals were removed, leaving 11,242 genes for subsequent analysis.  Two 
drones, both from the inactive collection, were clear outliers in PCA and hierarchical clustering 
analyses and were removed from the analysis.  The data were normalized for differences in the 
abundance of read counts mapped to genes between samples using the trimmed mean of M-
values (TMM) normalization method in limma’s voom normalization + weights function (EdgeR 
v3.4.2, Bioconductor; Robinson et al., 2010).  Variance in gene expression was estimated using 
common, trended, and tagwise dispersion models sequentially (McCarthy et al., 2012), and a 
prior degrees of freedom value was chosen that best fit all genes to the tagwise dispersion model, 
similar to a previously described method (McCarthy et al., 2012).  Differences between groups 
were then analyzed using a limma robust model with colony as a fixed effect, sex and time of 
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collection as the main effects, and the interaction term.  Post hoc contrasts were used to analyze 
the sexes independently. 
 
The log2 transformed, TMM-normalized expression values for genes for all individuals were 
also imported into WGCNA (v1.34; (Zhang and Horvath, 2005) running in R (Linux, v3.0.0). 
Unsigned modules containing at least 30 co-expressed genes were formed using deepSplit = 3; 
similarly co-expressed modules (Pearson Correlation coefficients > 0.9) were merged.  A 
dendrogram was created in R using eigengene values for the genes in each module (Figure 3.3B). 
Linear regression analyses were performed in R; the adjusted R
2
 values were then used to create 
a similarity matrix heat map (Figure 3.3A) and a cutoff of FDR<0.05 was used to infer 
significance (Table 3.1).  Gene Ontology term enrichment analysis was performed using the 
FlyBase identification number representing the best BLAST hit for each honey bee gene and the 
DAVID Bioinformatics Resources Functional Annotation tool (Huang et al., 2009). GO terms 
returned by DAVID with a modified Fisher’s exact P-value <0.05 were considered significantly 
enriched. 
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FIGURES AND TABLES 
 
Figure 3.1.  Principal Component Analysis of standardized mushroom body gene expression 
showing large sex differences, regardless of activity state. Drones and workers collected at 3pm 
were in an active (flight) state, and those collected at 9am were in an inactive state. 
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Figure 3.2.  Venn diagram showing the overlap between genes associated with spatiotemporal 
flight in each behavioral context, instinctive (drones) or learned (workers).   
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Figure 3.3.  Heat map (A) and dendrogram (B) of modules from weighted gene co-expression 
network analysis (WGCNA).  Values are based on linear regression coefficient of determination, 
using module eigengene values from the WGCNA analysis and the main effects of sex and flight 
(either exhibiting spatiotemporal flight behavior or being inactive) as binary classifying 
variables.  More similar patterns in expression between modules or more predictive power of the 
main effects on module expression is indicated by higher regression scores (more red) in the heat 
map or closer clustering in the dendrogram.   
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Table 3.1.  Modules formed by weighted gene co-expression network analysis (WGCNA).  
Highlighted boxes indicate significance (FDR <0.05). 
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SUPPLEMENTAL MATERIAL 
 
Supplemental Figure S3.1.  The mushroom bodies (MB) and surrounding nuclei, a region of the 
brain associated with multimodal processing and memory, was selected for sequencing.  The 
outer dashed line on this example worker brain shows where dissection cuts were made. 
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Supplemental Table S3.1.  Significantly enriched Gene Ontology categories for genes 
differentially expressed between drones and workers 
 
 
GO Category GO Term Gene count P-Value 
Cellular Component lipid particle 147 3.21E-22 
Molecular Function nucleotide binding 443 1.38E-12 
Biological Process cytoskeleton organization 187 7.05E-12 
Biological Process neuron differentiation 168 1.29E-11 
Biological Process post-embryonic development 175 2.85E-11 
Biological Process neuron development 145 9.16E-11 
Biological Process instar larval or pupal development 168 1.02E-10 
Biological Process mitotic spindle elongation 48 1.51E-10 
Biological Process spindle elongation 48 2.81E-10 
Biological Process imaginal disc development 164 4.19E-10 
Cellular Component cytosolic part 72 6.17E-10 
Molecular Function structural constituent of ribosome 89 9.14E-10 
Biological Process post-embryonic morphogenesis 143 1.62E-09 
Cellular Component cytosolic ribosome 56 2.02E-09 
Biological Process metamorphosis 145 3.03E-09 
Biological Process axonogenesis 90 4.19E-09 
Biological Process cell morphogenesis 169 7.53E-09 
Cellular Component cytosolic large ribosomal subunit 38 1.01E-08 
Biological Process instar larval or pupal morphogenesis 138 1.31E-08 
Biological Process regulation of RNA metabolic process 240 1.50E-08 
Biological Process neuron projection morphogenesis 118 1.52E-08 
Biological Process neuron projection development 118 1.93E-08 
Cellular Component ribosome 92 2.32E-08 
Molecular Function cofactor binding 88 2.43E-08 
Cellular Component ribosomal subunit 83 3.43E-08 
Biological Process regulation of transcription 274 3.76E-08 
Biological Process cell morphogenesis involved in differentiation 122 4.47E-08 
Biological Process cell morphogenesis involved in neuron differentiation 117 4.91E-08 
Biological Process post-embryonic organ development 119 9.19E-08 
Biological Process cellular component morphogenesis 188 9.53E-08 
Cellular Component cell junction 70 9.92E-08 
Biological Process microtubule-based process 153 1.26E-07 
Biological Process cell projection organization 140 1.39E-07 
Cellular Component ribonucleoprotein complex 160 1.50E-07 
Biological Process Transcription 169 1.58E-07 
Biological Process wing disc development 113 1.61E-07 
Cellular Component mitochondrial part 171 1.70E-07 
59 
 
Supplemental Table S3.1 (cont.) 
GO Category GO Term Gene count P-Value 
Biological Process compound eye photoreceptor cell differentiation 55 2.12E-07 
Biological Process cell projection morphogenesis 125 2.24E-07 
Biological Process cell adhesion 77 2.45E-07 
Biological Process cell part morphogenesis 128 3.04E-07 
Biological Process post-embryonic organ morphogenesis 113 3.08E-07 
Biological Process imaginal disc morphogenesis 113 3.08E-07 
Biological Process nitrogen compound biosynthetic process 96 4.22E-07 
Biological Process eye photoreceptor cell differentiation 56 4.78E-07 
Biological Process regulation of cell morphogenesis 57 5.13E-07 
Biological Process axon guidance 63 5.19E-07 
Molecular Function transcription regulator activity 249 5.54E-07 
Biological Process generation of precursor metabolites and energy 90 7.22E-07 
Molecular Function purine nucleotide binding 344 7.76E-07 
Cellular Component large ribosomal subunit 55 7.99E-07 
Biological Process chromatin modification 54 8.31E-07 
Molecular Function purine ribonucleotide binding 323 9.61E-07 
Molecular Function ribonucleotide binding 323 9.61E-07 
Biological Process phosphorylation 155 1.07E-06 
Biological Process photoreceptor cell differentiation 59 1.54E-06 
Biological Process energy derivation by oxidation of organic compounds 54 1.65E-06 
Biological Process negative regulation of cell communication 50 1.77E-06 
Biological Process actin cytoskeleton organization 64 1.82E-06 
Biological Process oxidative phosphorylation 60 2.17E-06 
Biological Process spindle organization 91 2.24E-06 
Biological Process actin filament-based process 64 2.42E-06 
Biological Process positive regulation of macromolecule metabolic process 63 3.15E-06 
Biological Process negative regulation of signal transduction 49 3.31E-06 
Biological Process cellular respiration 50 3.53E-06 
Biological Process appendage development 97 3.71E-06 
Cellular Component plasma membrane part 163 4.09E-06 
Biological Process mitotic spindle organization 80 4.19E-06 
Biological Process phosphorus metabolic process 190 4.44E-06 
Biological Process phosphate metabolic process 190 4.44E-06 
Biological Process cofactor metabolic process 50 4.93E-06 
Biological Process cell motion 115 5.41E-06 
Biological Process regulation of cell shape 47 5.75E-06 
Biological Process ATP synthesis coupled electron transport 37 6.77E-06 
Biological Process imaginal disc-derived appendage development 95 7.20E-06 
Biological Process intracellular signaling cascade 112 7.22E-06 
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Biological Process respiratory electron transport chain 38 7.69E-06 
Molecular Function adenyl nucleotide binding 283 7.77E-06 
Biological Process compound eye photoreceptor development 30 7.79E-06 
Biological Process microtubule cytoskeleton organization 112 8.62E-06 
Biological Process coenzyme metabolic process 43 8.64E-06 
Biological Process biological adhesion 77 8.71E-06 
Molecular Function purine nucleoside binding 284 9.44E-06 
Biological Process regulation of transcription, DNA-dependent 206 1.03E-05 
Biological Process chromatin remodeling 27 1.05E-05 
Biological Process appendage morphogenesis 94 1.10E-05 
Biological Process membrane organization 118 1.14E-05 
Biological Process mitochondrial ATP synthesis coupled electron transport 35 1.19E-05 
Biological Process eye photoreceptor cell development 30 1.27E-05 
Biological Process imaginal disc-derived wing morphogenesis 86 1.38E-05 
Molecular Function nucleoside binding 285 1.42E-05 
Molecular Function adenyl ribonucleotide binding 262 1.49E-05 
Molecular Function cytoskeletal protein binding 91 1.52E-05 
Biological Process regulation of nervous system development 43 1.73E-05 
Biological Process post-embryonic appendage morphogenesis 89 1.89E-05 
Biological Process nucleobase, nucleoside, nucleotide and nucleic acid biosynthetic  66 1.99E-05 
Biological Process nucleobase, nucleoside and nucleotide biosynthetic process 66 1.99E-05 
Molecular Function coenzyme binding 63 2.05E-05 
Biological Process wing disc morphogenesis 86 2.07E-05 
Biological Process imaginal disc-derived appendage morphogenesis 92 2.09E-05 
Biological Process regulation of RNA splicing 34 2.37E-05 
Molecular Function ATP binding 260 2.44E-05 
Biological Process vesicle-mediated transport 138 3.05E-05 
Biological Process ribonucleotide metabolic process 50 3.12E-05 
Biological Process nucleotide biosynthetic process 63 3.30E-05 
Molecular Function oxidoreductase activity, acting on NADH or NADPH 30 3.95E-05 
Biological Process regulation of cell development 56 4.35E-05 
Biological Process electron transport chain 42 4.40E-05 
Biological Process regulation of cellular component size 45 4.92E-05 
Biological Process mitotic cell cycle 127 5.04E-05 
Biological Process mitochondrial electron transport, NADH to ubiquinone 21 5.07E-05 
Cellular Component mitochondrion 213 5.22E-05 
Cellular Component mitochondrial envelope 107 5.90E-05 
Biological Process regulation of nuclear mRNA splicing, via spliceosome 32 6.17E-05 
Biological Process photoreceptor cell development 32 6.17E-05 
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Biological Process regulation of mRNA processing 32 6.17E-05 
Biological Process membrane invagination 96 6.37E-05 
Biological Process endocytosis 96 6.37E-05 
Biological Process asymmetric cell division 30 7.31E-05 
Cellular Component mitochondrial inner membrane 86 7.97E-05 
Cellular Component mitochondrial membrane part 62 8.12E-05 
Cellular Component organelle envelope 136 8.20E-05 
Biological Process dorsal closure 43 8.41E-05 
Biological Process negative regulation of cell differentiation 36 8.55E-05 
Molecular Function actin binding 55 8.85E-05 
Biological Process purine ribonucleotide metabolic process 47 9.08E-05 
Biological Process ribonucleotide biosynthetic process 47 9.08E-05 
Cellular Component envelope 136 9.61E-05 
Biological Process cell growth 26 9.75E-05 
Biological Process positive regulation of biosynthetic process 62 1.05E-04 
Biological Process positive regulation of cellular biosynthetic process 62 1.05E-04 
Biological Process oxidoreduction coenzyme metabolic process 15 1.06E-04 
Biological Process phagocytosis 76 1.09E-04 
Biological Process positive regulation of macromolecule biosynthetic process 54 1.18E-04 
Biological Process salivary gland morphogenesis 49 1.20E-04 
Biological Process gland morphogenesis 49 1.20E-04 
Biological Process purine nucleotide metabolic process 54 1.50E-04 
Molecular Function RNA polymerase II transcription factor activity 100 1.55E-04 
Biological Process establishment or maintenance of cell polarity 47 1.55E-04 
Cellular Component chromatin remodeling complex 23 1.75E-04 
Biological Process actin filament organization 38 1.78E-04 
Molecular Function pyridoxal phosphate binding 23 1.86E-04 
Molecular Function vitamin B6 binding 23 1.86E-04 
Molecular Function mRNA binding 76 1.88E-04 
Biological Process purine nucleotide biosynthetic process 52 1.94E-04 
Biological Process growth 47 2.00E-04 
Biological Process establishment of planar polarity 30 2.28E-04 
Biological Process homeostatic process 64 2.33E-04 
Biological Process gland development 64 2.33E-04 
Biological Process ion transport 120 2.43E-04 
Biological Process cell-cell signaling 79 2.44E-04 
Molecular Function DNA binding 278 2.47E-04 
Biological Process positive regulation of RNA metabolic process 40 2.49E-04 
Cellular Component organelle inner membrane 90 2.49E-04 
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Cellular Component ion channel complex 29 2.54E-04 
Biological Process tissue morphogenesis 90 2.57E-04 
Biological Process purine ribonucleotide biosynthetic process 44 2.58E-04 
Biological Process synaptic transmission 72 2.64E-04 
Biological Process chromatin organization 66 2.67E-04 
Biological Process morphogenesis of a polarized epithelium 33 2.73E-04 
Biological Process salivary gland development 56 2.84E-04 
Biological Process exocrine system development 56 2.84E-04 
Biological Process pattern specification process 159 2.91E-04 
Biological Process transmission of nerve impulse 74 2.94E-04 
Biological Process establishment of tissue polarity 30 3.23E-04 
Biological Process oxidation reduction 199 3.33E-04 
Biological Process hemopoiesis 23 3.53E-04 
Biological Process nucleoside monophosphate metabolic process 27 3.69E-04 
Cellular Component anchoring junction 27 3.71E-04 
Molecular Function NADH dehydrogenase activity 24 3.85E-04 
Biological Process regulation of alternative nuclear mRNA splicing, via spliceosome 28 3.99E-04 
Biological Process establishment of ommatidial polarity 24 4.01E-04 
Biological Process regulation of cellular response to stress 19 4.41E-04 
Biological Process macromolecule catabolic process 98 4.44E-04 
Molecular Function sequence-specific DNA binding 89 4.57E-04 
Cellular Component cell-cell junction 30 4.75E-04 
Cellular Component mitochondrial membrane 97 4.93E-04 
Biological Process morphogenesis of an epithelium 82 4.93E-04 
Biological Process positive regulation of gene expression 48 5.16E-04 
Biological Process regulation of cell size 34 5.22E-04 
Biological Process heterocycle catabolic process 14 5.51E-04 
Biological Process chromosome organization 99 5.61E-04 
Biological Process phagocytosis, engulfment 70 5.77E-04 
Biological Process eye morphogenesis 95 5.86E-04 
Biological Process response to oxidative stress 29 5.96E-04 
Biological Process positive regulation of nitrogen compound metabolic process 49 6.32E-04 
Biological Process 
positive regulation of nucleobase, nucleoside, nucleotide and 
nucleic acid metabolic process 49 6.32E-04 
Biological Process regulation of neurogenesis 31 6.46E-04 
Biological Process nucleoside monophosphate biosynthetic process 25 6.51E-04 
Biological Process compound eye morphogenesis 89 6.66E-04 
Biological Process muscle organ development 55 6.69E-04 
Biological Process small GTPase mediated signal transduction 45 6.79E-04 
Cellular Component adherens junction 26 6.89E-04 
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Molecular Function ATPase activity, coupled 113 6.97E-04 
Biological Process protein localization 131 7.11E-04 
Biological Process positive regulation of transcription, DNA-dependent 38 7.18E-04 
Cellular Component organelle membrane 162 7.76E-04 
Biological Process regulation of transcription from RNA polymerase II promoter 71 7.78E-04 
Biological Process sensory organ development 136 7.84E-04 
Biological Process positive regulation of transcription 47 8.19E-04 
Molecular Function voltage-gated channel activity 26 8.25E-04 
Molecular Function voltage-gated ion channel activity 26 8.25E-04 
Biological Process epithelium development 84 8.33E-04 
Biological Process gliogenesis 24 8.65E-04 
Molecular Function ATPase activity 127 8.94E-04 
Biological Process regulation of cellular component biogenesis 35 9.25E-04 
Biological Process photoreceptor cell fate commitment 25 9.30E-04 
Molecular Function NAD or NADH binding 22 9.47E-04 
Biological Process regulation of JNK cascade 18 9.48E-04 
Biological Process regulation of stress-activated protein kinase signaling pathway 18 9.48E-04 
Biological Process regulation of synapse structure and activity 21 9.49E-04 
Molecular Function transcription factor activity 138 0.001013206 
Biological Process regionalization 148 0.001036663 
Biological Process biogenic amine metabolic process 19 0.001112839 
Cellular Component mitochondrial respiratory chain 39 0.001157671 
Biological Process heart development 31 0.0011665 
Molecular Function transferase activity, transferring nitrogenous groups 14 0.001239709 
Biological Process eye development 112 0.001242843 
Cellular Component mitochondrial matrix 66 0.001251175 
Cellular Component mitochondrial lumen 66 0.001251175 
Cellular Component respiratory chain 40 0.001268016 
Biological Process programmed cell death 58 0.001288961 
Biological Process ommatidial rotation 15 0.00136174 
Molecular Function voltage-gated cation channel activity 22 0.00143239 
Biological Process mRNA metabolic process 78 0.001458854 
Cellular Component mitochondrial respiratory chain complex I 24 0.001528873 
Cellular Component respiratory chain complex I 24 0.001528873 
Cellular Component NADH dehydrogenase complex 24 0.001528873 
Biological Process regulation of protein kinase cascade 22 0.001528906 
Biological Process visual perception 31 0.00154167 
Biological Process compound eye photoreceptor fate commitment 23 0.00163722 
Biological Process eye photoreceptor cell fate commitment 23 0.00163722 
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Biological Process positive regulation of cellular protein metabolic process 12 0.001738232 
Biological Process positive regulation of protein metabolic process 12 0.001738232 
Biological Process response to steroid hormone stimulus 14 0.001804642 
Biological Process response to ecdysone 14 0.001804642 
Biological Process embryonic development via the syncytial blastoderm 76 0.001844837 
Biological Process embryonic development ending in birth or egg hatching 79 0.001854742 
Molecular Function helicase activity 46 0.001969576 
Cellular Component mitochondrial proton-transporting ATP synthase complex 15 0.001996738 
Biological Process developmental growth 34 0.001998661 
Biological Process sensory perception of light stimulus 31 0.002016677 
Biological Process cellular homeostasis 44 0.002051212 
Biological Process organic acid catabolic process 22 0.002173986 
Biological Process carboxylic acid catabolic process 22 0.002173986 
Biological Process muscle cell development 22 0.002173986 
Biological Process striated muscle cell development 22 0.002173986 
Biological Process regulation of MAPKKK cascade 18 0.002260798 
Biological Process stem cell development 18 0.002260798 
Biological Process stem cell differentiation 18 0.002260798 
Biological Process imaginal disc pattern formation 39 0.002329141 
Cellular Component intrinsic to plasma membrane 80 0.002374166 
Biological Process aging 38 0.002379581 
Biological Process multicellular organismal aging 38 0.002379581 
Biological Process determination of adult life span 38 0.002379581 
Biological Process ribonucleoside monophosphate biosynthetic process 13 0.002390674 
Biological Process ribonucleoside monophosphate metabolic process 13 0.002390674 
Biological Process neuron fate commitment 25 0.002464765 
Molecular Function gated channel activity 48 0.002497155 
Biological Process cofactor biosynthetic process 27 0.002567979 
Biological Process compound eye development 103 0.002704182 
Biological Process regulation of growth 41 0.002737992 
Biological Process pyruvate metabolic process 10 0.002864196 
Biological Process inorganic anion transport 12 0.003164641 
Biological Process covalent chromatin modification 25 0.003312604 
Biological Process histone modification 25 0.003312604 
Biological Process cell-cell junction organization 18 0.003344981 
Cellular Component apical junction complex 22 0.00335124 
Cellular Component cell projection 48 0.003358111 
Biological Process cell death 59 0.003380263 
Biological Process carboxylic acid biosynthetic process 28 0.003398672 
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Biological Process organic acid biosynthetic process 28 0.003398672 
Biological Process morphogenesis of embryonic epithelium 46 0.003438146 
Molecular Function chloride channel activity 12 0.003443222 
Biological Process diol metabolic process 9 0.003605862 
Biological Process phenol metabolic process 9 0.003605862 
Biological Process catechol metabolic process 9 0.003605862 
Biological Process catecholamine metabolic process 9 0.003605862 
Cellular Component non-membrane-bounded organelle 318 0.00361374 
Cellular Component intracellular non-membrane-bounded organelle 318 0.00361374 
Molecular Function lipid binding 49 0.003733651 
Biological Process regulation of programmed cell death 43 0.003820537 
Molecular Function transcription cofactor activity 29 0.003925597 
Biological Process death 59 0.003946703 
Biological Process RNA catabolic process 16 0.004058449 
Biological Process amine biosynthetic process 22 0.004163419 
Biological Process rhythmic process 23 0.004270298 
Molecular Function NADH dehydrogenase (ubiquinone) activity 19 0.004323374 
Molecular Function NADH dehydrogenase (quinone) activity 19 0.004323374 
Molecular Function 
oxidoreductase activity, acting on NADH or NADPH, quinone or 
similar compound as acceptor 19 0.004323374 
Biological Process larval development 29 0.004366359 
Biological Process wing disc pattern formation 29 0.004366359 
Biological Process pigment biosynthetic process 25 0.004392857 
Biological Process stem cell maintenance 17 0.004476801 
Biological Process lipid localization 17 0.004476801 
Molecular Function 
ATPase activity, coupled to transmembrane movement of ions, 
phosphorylative mechanism 33 0.004620231 
Biological Process cell junction organization 18 0.004825048 
Biological Process enzyme linked receptor protein signaling pathway 53 0.005130799 
Molecular Function chromatin binding 29 0.005140314 
Biological Process cellular macromolecule catabolic process 77 0.005150843 
Biological Process imaginal disc eversion 7 0.005202522 
Biological Process retinal ganglion cell axon guidance 7 0.005202522 
Biological Process somatic stem cell maintenance 7 0.005202522 
Biological Process glial cell migration 12 0.00539555 
Biological Process lipid transport 15 0.0054507 
Biological Process DNA unwinding during replication 6 0.005559097 
Cellular Component apicolateral plasma membrane 23 0.005604477 
Biological Process pigment metabolic process 28 0.005636372 
Biological Process regulation of neuron differentiation 24 0.005740997 
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Biological Process hemopoietic or lymphoid organ development 25 0.005751732 
Biological Process immune system development 25 0.005751732 
Cellular Component integral to plasma membrane 77 0.00580403 
Biological Process stress-activated protein kinase signaling pathway 16 0.006000033 
Biological Process muscle fiber development 16 0.006000033 
Molecular Function ATPase activity, coupled to transmembrane movement of ions 34 0.006005551 
Biological Process RNA processing 102 0.006065454 
Biological Process macromolecular complex subunit organization 93 0.006087252 
Molecular Function lysine N-methyltransferase activity 12 0.006117582 
Molecular Function protein-lysine N-methyltransferase activity 12 0.006117582 
Molecular Function histone-lysine N-methyltransferase activity 12 0.006117582 
Biological Process cellular response to DNA damage stimulus 34 0.0061979 
Molecular Function Ras GTPase binding 14 0.006284722 
Molecular Function small GTPase binding 14 0.006284722 
Cellular Component apical part of cell 24 0.006367013 
Biological Process asymmetric protein localization 17 0.006446582 
Biological Process cell proliferation 47 0.00663549 
Cellular Component nucleoplasm 99 0.006796805 
Cellular Component small ribosomal subunit 31 0.006865302 
Molecular Function 
hydrogen-exporting ATPase activity, phosphorylative 
mechanism 24 0.006903252 
Biological Process tissue death 29 0.007014967 
Biological Process histolysis 29 0.007014967 
Biological Process rhythmic behavior 19 0.007068168 
Molecular Function DNA topoisomerase activity 8 0.00712346 
Biological Process pyridine nucleotide metabolic process 9 0.007249078 
Biological Process coenzyme biosynthetic process 20 0.007263329 
Biological Process mRNA processing 67 0.007299754 
Biological Process positive regulation of cellular component organization 14 0.007334647 
Cellular Component cation channel complex 16 0.007441178 
Biological Process circadian rhythm 22 0.007470051 
Biological Process regulation of cell death 43 0.007843992 
Cellular Component actin cytoskeleton 38 0.008017124 
Biological Process regulation of synapse organization 15 0.008054441 
Biological Process JNK cascade 15 0.008054441 
Biological Process cell-cell junction assembly 15 0.008054441 
Biological Process learning or memory 31 0.008317366 
Molecular Function enzyme binding 29 0.008518154 
Biological Process embryonic morphogenesis 76 0.008758225 
Biological Process autophagic cell death 28 0.008981753 
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Biological Process salivary gland cell autophagic cell death 28 0.008981753 
Biological Process salivary gland histolysis 28 0.008981753 
Biological Process purine ribonucleoside triphosphate metabolic process 34 0.009257292 
Biological Process purine nucleoside triphosphate metabolic process 34 0.009257292 
Molecular Function calcium ion binding 86 0.009257971 
Biological Process circadian behavior 18 0.009376828 
Biological Process regulation of development, heterochronic 8 0.009457127 
Cellular Component neuron projection 22 0.009467239 
Cellular Component synapse 51 0.009623115 
Biological Process cellular macromolecular complex subunit organization 69 0.009665299 
Biological Process cellular response to stress 61 0.009715302 
Biological Process cellular ion homeostasis 20 0.0097274 
Biological Process metal ion homeostasis 10 0.009730091 
Biological Process negative regulation of Notch signaling pathway 10 0.009730091 
Biological Process nucleobase metabolic process 10 0.009730091 
Biological Process fatty acid metabolic process 23 0.009735857 
Biological Process ion homeostasis 22 0.009787113 
Cellular Component cytoplasmic vesicle 44 0.009869674 
Molecular Function identical protein binding 55 0.009975185 
Biological Process regulation of neurotransmitter levels 41 0.010098068 
Biological Process respiratory system development 54 0.010328252 
Biological Process open tracheal system development 54 0.010328252 
Molecular Function ion binding 538 0.010813666 
Biological Process apical junction assembly 14 0.010832143 
Biological Process cation transport 83 0.010930567 
Biological Process ribonucleoside triphosphate metabolic process 34 0.011199993 
Biological Process peripheral nervous system development 34 0.011199993 
Biological Process chemical homeostasis 27 0.011481848 
Biological Process developmental cell growth 15 0.011550934 
Biological Process regulation of cell morphogenesis involved in differentiation 15 0.011550934 
Biological Process cell junction assembly 15 0.011550934 
Biological Process regulation of neuron projection development 15 0.011550934 
Molecular Function 
monovalent inorganic cation transmembrane transporter 
activity 39 0.01159616 
Biological Process cell fate commitment 77 0.011730459 
Biological Process negative regulation of neurogenesis 11 0.011768799 
Biological Process embryonic hemopoiesis 11 0.011768799 
Biological Process translational elongation 11 0.011768799 
Biological Process cation homeostasis 16 0.012078924 
Biological Process chloride transport 7 0.012179478 
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Biological Process 
positive regulation of stress-activated protein kinase signaling 
pathway 7 0.012179478 
Biological Process positive regulation of JNK cascade 7 0.012179478 
Biological Process inositol metabolic process 7 0.012179478 
Biological Process positive regulation of MAPKKK cascade 7 0.012179478 
Biological Process memory 17 0.012445184 
Biological Process epidermal cell differentiation 17 0.012445184 
Biological Process amine catabolic process 17 0.012445184 
Biological Process cellular chemical homeostasis 22 0.012649044 
Biological Process epidermis development 21 0.012764712 
Biological Process cellular metal ion homeostasis 9 0.013095586 
Biological Process vitamin biosynthetic process 9 0.013095586 
Biological Process regulation of hemocyte differentiation 12 0.0133754 
Biological Process nucleoside triphosphate metabolic process 34 0.013463254 
Molecular Function hydrogen ion transmembrane transporter activity 38 0.013990369 
Molecular Function transcription factor binding 36 0.014066799 
Biological Process cuticle development 26 0.014652733 
Biological Process IMP metabolic process 6 0.015282748 
Biological Process IMP biosynthetic process 6 0.015282748 
Biological Process ecdysone receptor-mediated signaling pathway 6 0.015282748 
Biological Process germ-line stem cell division 14 0.01549606 
Biological Process mRNA catabolic process 14 0.01549606 
Biological Process cellular component disassembly 14 0.01549606 
Biological Process homophilic cell adhesion 14 0.01549606 
Biological Process purine nucleoside monophosphate biosynthetic process 10 0.015969901 
Biological Process purine ribonucleoside monophosphate biosynthetic process 10 0.015969901 
Biological Process purine nucleoside monophosphate metabolic process 10 0.015969901 
Biological Process purine ribonucleoside monophosphate metabolic process 10 0.015969901 
Biological Process vitamin metabolic process 10 0.015969901 
Biological Process cellular amide metabolic process 10 0.015969901 
Molecular Function histone methyltransferase activity 12 0.016029639 
Biological Process muscle cell differentiation 29 0.016288935 
Molecular Function protein tyrosine kinase activity 27 0.01641587 
Molecular Function voltage-gated potassium channel activity 15 0.016447293 
Biological Process regulation of system process 16 0.01652551 
Molecular Function transaminase activity 10 0.016573561 
Biological Process maintenance of protein location 17 0.016746825 
Biological Process response to endogenous stimulus 19 0.016775004 
Biological Process response to hormone stimulus 19 0.016775004 
Biological Process potassium ion transport 19 0.016775004 
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Molecular Function purine NTP-dependent helicase activity 32 0.017058915 
Molecular Function ATP-dependent helicase activity 32 0.017058915 
Molecular Function GTPase activity 49 0.017192501 
Cellular Component cytosolic small ribosomal subunit 19 0.017255443 
Cellular Component vesicle 45 0.017328604 
Biological Process ectoderm development 27 0.017477944 
Biological Process regulation of apoptosis 36 0.017490836 
Biological Process calcium ion homeostasis 8 0.017648898 
Biological Process water-soluble vitamin biosynthetic process 8 0.017648898 
Biological Process ATP-dependent chromatin remodeling 8 0.017648898 
Biological Process nicotinamide nucleotide metabolic process 8 0.017648898 
Biological Process nicotinamide metabolic process 8 0.017648898 
Biological Process DNA catabolic process 8 0.017648898 
Biological Process alkaloid metabolic process 8 0.017648898 
Molecular Function metal ion binding 519 0.01802283 
Biological Process acyl-CoA metabolic process 5 0.018043843 
Biological Process cellular aldehyde metabolic process 5 0.018043843 
Biological Process striated muscle cell differentiation 26 0.018073763 
Biological Process developmental growth involved in morphogenesis 11 0.018142047 
Biological Process negative regulation of cell development 11 0.018142047 
Molecular Function C-acyltransferase activity 7 0.018152819 
Molecular Function guanyl ribonucleotide binding 65 0.018796069 
Molecular Function cation binding 532 0.018833006 
Molecular Function transcription repressor activity 42 0.019041636 
Cellular Component membrane-enclosed lumen 194 0.01906 
Biological Process regulation of synaptogenesis 12 0.019723509 
Cellular Component proton-transporting ATP synthase complex 15 0.020103201 
Cellular Component intracellular organelle lumen 189 0.020315794 
Cellular Component organelle lumen 189 0.020315794 
Biological Process secondary metabolic process 28 0.020488923 
Biological Process cellular cation homeostasis 13 0.020824987 
Biological Process wing disc dorsal/ventral pattern formation 21 0.020835594 
Cellular Component apical plasma membrane 13 0.020859009 
Molecular Function GTPase binding 14 0.02104111 
Molecular Function single-stranded DNA binding 9 0.021185393 
Molecular Function guanyl nucleotide binding 65 0.021233599 
Biological Process bristle morphogenesis 20 0.021279384 
Biological Process anion transport 20 0.021279384 
Biological Process maintenance of location 20 0.021279384 
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Biological Process cellular amino acid biosynthetic process 14 0.021542375 
Biological Process MAPKKK cascade 19 0.021654114 
Biological Process purine ribonucleoside triphosphate biosynthetic process 31 0.021742522 
Biological Process purine nucleoside triphosphate biosynthetic process 31 0.021742522 
Biological Process imaginal disc fusion 9 0.021755769 
Biological Process regulation of cell projection organization 17 0.022106822 
Molecular Function zinc ion binding 317 0.022443519 
Cellular Component cytoplasmic membrane-bounded vesicle 40 0.022559156 
Biological Process response to organic substance 43 0.023090234 
Cellular Component synapse part 42 0.023255883 
Biological Process R3/R4 cell fate commitment 7 0.023804583 
Biological Process R7 cell development 7 0.023804583 
Biological Process R3/R4 cell differentiation 7 0.023804583 
Biological Process positive regulation of translation 7 0.023804583 
Biological Process macromolecular complex assembly 79 0.024259021 
Molecular Function general RNA polymerase II transcription factor activity 35 0.024345679 
Biological Process skeletal muscle organ development 23 0.024539365 
Biological Process intracellular transport 98 0.024674515 
Biological Process axon extension 10 0.024699507 
Biological Process regulation of axonogenesis 10 0.024699507 
Cellular Component brahma complex 7 0.024936505 
Cellular Component 
mitochondrial proton-transporting ATP synthase complex, 
catalytic core F(1) 7 0.024936505 
Cellular Component SWI/SNF-type complex 7 0.024936505 
Biological Process DNA replication 35 0.025246221 
Biological Process regulation of embryonic development 22 0.025339923 
Biological Process synaptic vesicle exocytosis 22 0.025339923 
Cellular Component nucleoplasm part 87 0.025570791 
Biological Process nucleoside triphosphate biosynthetic process 31 0.025808931 
Biological Process ribonucleoside triphosphate biosynthetic process 31 0.025808931 
Molecular Function 
ATPase activity, coupled to transmembrane movement of 
substances 50 0.025879102 
Molecular Function ATPase activity, coupled to movement of substances 50 0.025879102 
Biological Process stem cell division 21 0.02611724 
Biological Process detection of light stimulus 21 0.02611724 
Molecular Function small GTPase regulator activity 41 0.026456961 
Biological Process cellular di-, tri-valent inorganic cation homeostasis 11 0.026724897 
Biological Process histone methylation 11 0.026724897 
Biological Process embryonic organ development 11 0.026724897 
Biological Process instar larval development 20 0.026857963 
71 
 
Supplemental Table S3.1 (cont.) 
GO Category GO Term Gene count P-Value 
Molecular Function anion channel activity 13 0.026974542 
Biological Process ATP metabolic process 30 0.026989026 
Molecular Function anion binding 8 0.027107554 
Biological Process synaptic vesicle transport 33 0.027726119 
Biological Process adult behavior 42 0.027825235 
Biological Process hydrogen transport 25 0.027862036 
Biological Process di-, tri-valent inorganic cation homeostasis 12 0.028042652 
Molecular Function GTP binding 63 0.028180366 
Cellular Component euchromatin 6 0.028457087 
Biological Process Ras protein signal transduction 13 0.028819262 
Biological Process detection of external stimulus 24 0.028970175 
Biological Process negative regulation of RNA polymerase II promoter 24 0.028970175 
Biological Process transmembrane receptor protein serine/threonine kinase  16 0.029040526 
Biological Process glutamine family amino acid metabolic process 14 0.029182888 
Biological Process R7 cell differentiation 14 0.029182888 
Biological Process maintenance of protein location in cell 15 0.029231591 
Biological Process cellular amino acid catabolic process 15 0.029231591 
Biological Process dendrite morphogenesis 41 0.029231731 
Biological Process dendrite development 41 0.029231731 
Biological Process mitochondrial electron transport, ubiquinol to cytochrome c 8 0.029782022 
Biological Process protein amino acid phosphorylation 82 0.03050116 
Biological Process Wnt receptor signaling pathway 27 0.030811122 
Molecular Function translation elongation factor activity 11 0.031035476 
Biological Process bristle development 22 0.031224239 
Cellular Component potassium channel complex 11 0.031852271 
Cellular Component voltage-gated potassium channel complex 11 0.031852271 
Biological Process ubiquinone biosynthetic process 6 0.032083125 
Biological Process DNA duplex unwinding 6 0.032083125 
Biological Process determination of symmetry 6 0.032083125 
Biological Process ubiquinone metabolic process 6 0.032083125 
Biological Process regulation of tube length, open tracheal system 6 0.032083125 
Biological Process NADP metabolic process 6 0.032083125 
Biological Process pentose-phosphate shunt 6 0.032083125 
Biological Process steroid hormone receptor signaling pathway 6 0.032083125 
Biological Process intracellular receptor-mediated signaling pathway 6 0.032083125 
Biological Process pyrimidine base metabolic process 6 0.032083125 
Biological Process DNA geometric change 6 0.032083125 
Biological Process determination of bilateral symmetry 6 0.032083125 
Cellular Component cytoskeleton 122 0.032192343 
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Supplemental Table S3.1 (cont.) 
GO Category GO Term Gene count P-Value 
Molecular Function potassium channel activity 16 0.033000663 
Cellular Component plasma membrane 257 0.033319087 
Biological Process ATP biosynthetic process 29 0.033409115 
Biological Process regulation of phosphorylation 25 0.033591757 
Molecular Function 
hydrolase activity, acting on acid anhydrides, catalyzing 
transmembrane movement of substances 50 0.033699876 
Biological Process negative regulation of cell fate commitment 9 0.033781447 
Biological Process serine family amino acid metabolic process 9 0.033781447 
Biological Process larval locomotory behavior 9 0.033781447 
Biological Process negative regulation of cell fate specification 9 0.033781447 
Biological Process positive regulation of cell cycle 9 0.033781447 
Molecular Function cyclin-dependent protein kinase activity 9 0.034399319 
Molecular Function guanylate cyclase activity 9 0.034399319 
Molecular Function transmembrane receptor protein tyrosine kinase activity 12 0.034665557 
Molecular Function isoprenoid binding 7 0.034696858 
Molecular Function oxidoreductase activity, acting on paired donors 7 0.034696858 
Molecular Function protein disulfide oxidoreductase activity 7 0.034696858 
Molecular Function chloride ion binding 7 0.034696858 
Biological Process regulation of developmental growth 17 0.036565589 
Biological Process striated muscle tissue development 17 0.036565589 
Biological Process regulation of phosphorus metabolic process 27 0.036645409 
Biological Process regulation of phosphate metabolic process 27 0.036645409 
Biological Process cell fate determination 44 0.03715435 
Biological Process neurotransmitter secretion 36 0.03746652 
Biological Process regulation of striated muscle cell differentiation 11 0.037849478 
Biological Process regulation of skeletal muscle tissue development 11 0.037849478 
Biological Process regulation of skeletal muscle fiber development 11 0.037849478 
Biological Process regulation of synaptic growth at neuromuscular junction 11 0.037849478 
Biological Process regulation of muscle cell differentiation 11 0.037849478 
Biological Process motor axon guidance 11 0.037849478 
Biological Process detection of abiotic stimulus 22 0.038075445 
Biological Process non-sensory hair organization 15 0.038125848 
Biological Process hair cell differentiation 15 0.038125848 
Biological Process nuclear-transcribed mRNA catabolic process 12 0.038605777 
Biological Process detection of visible light 12 0.038605777 
Biological Process regulation of Notch signaling pathway 12 0.038605777 
Biological Process positive regulation of growth 14 0.038615561 
Biological Process ventral cord development 14 0.038615561 
Biological Process regulation of Wnt receptor signaling pathway 14 0.038615561 
Biological Process regulation of circadian rhythm 13 0.038811664 
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Supplemental Table S3.1 (cont.) 
GO Category GO Term Gene count P-Value 
Biological Process RNA 3'-end processing 13 0.038811664 
Biological Process regulation of organelle organization 38 0.038862586 
Biological Process transmembrane receptor protein tyrosine kinase signaling  38 0.038862586 
Biological Process neurotransmitter transport 43 0.039072192 
Biological Process positive regulation of cell communication 21 0.039635586 
Biological Process cell redox homeostasis 21 0.039635586 
Molecular Function anion transmembrane transporter activity 35 0.039723009 
Biological Process histone exchange 7 0.041021531 
Biological Process positive regulation of protein kinase cascade 7 0.041021531 
Biological Process cellular calcium ion homeostasis 7 0.041021531 
Biological Process positive regulation of gene expression, epigenetic 7 0.041021531 
Molecular Function ion channel activity 61 0.041451353 
Biological Process regulation of cellular protein metabolic process 44 0.041969297 
Biological Process proton transport 24 0.042028043 
Biological Process response to radiation 39 0.042144815 
Biological Process embryonic pattern specification 73 0.042396173 
Biological Process monovalent inorganic cation transport 57 0.042597212 
Biological Process generation of a signal involved in cell-cell signaling 36 0.042991364 
Biological Process cellular amino acid derivative catabolic process 5 0.043013336 
Biological Process fucose metabolic process 5 0.043013336 
Biological Process de novo' IMP biosynthetic process 5 0.043013336 
Cellular Component membrane-bounded vesicle 40 0.043121178 
Biological Process protein kinase cascade 23 0.043964924 
Molecular Function retinoid binding 6 0.044348375 
Molecular Function Rho GTPase activator activity 6 0.044348375 
Biological Process regulation of protein modification process 18 0.044380547 
Biological Process cellular macromolecular complex assembly 54 0.044513166 
Molecular Function transcription corepressor activity 11 0.044677146 
Molecular Function single-stranded RNA binding 11 0.044677146 
Biological Process muscle tissue development 17 0.045926812 
Cellular Component proteinaceous extracellular matrix 22 0.045970418 
Biological Process DNA-dependent DNA replication 22 0.045971492 
Molecular Function transcription activator activity 35 0.046204863 
Biological Process imaginal disc fusion, thorax closure 8 0.046468459 
Biological Process syncytial blastoderm mitotic cell cycle 8 0.046468459 
Biological Process hemocyte migration 8 0.046468459 
Biological Process water-soluble vitamin metabolic process 8 0.046468459 
Cellular Component subapical complex 7 0.046744304 
Cellular Component proton-transporting ATP synthase complex, catalytic core F(1) 7 0.046744304 
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Supplemental Table S3.1 (cont.) 
GO Category GO Term Gene count P-Value 
Biological Process blastoderm segmentation 69 0.046759193 
Biological Process di-, tri-valent inorganic cation transport 16 0.047411144 
Cellular Component extracellular matrix 23 0.047576771 
Biological Process exocytosis 25 0.047634875 
Molecular Function P-P-bond-hydrolysis-driven transmembrane transporter activity 55 0.048207024 
Molecular Function primary active transmembrane transporter activity 55 0.048207024 
Biological Process maintenance of location in cell 15 0.048792547 
Biological Process skeletal muscle tissue development 15 0.048792547 
Biological Process acetyl-CoA metabolic process 15 0.048792547 
Biological Process microtubule-based movement 36 0.049103621 
Cellular Component sarcomere 9 0.049202163 
Biological Process RNA polyadenylation 9 0.049613932 
Biological Process positive regulation of cell growth 9 0.049613932 
Biological Process positive regulation of response to stimulus 9 0.049613932 
Biological Process response to reactive oxygen species 9 0.049613932 
Biological Process regulation of embryonic cell shape 9 0.049613932 
Biological Process initiation of dorsal closure 9 0.049613932 
Biological Process septate junction assembly 9 0.049613932 
Biological Process pigmentation 24 0.049974827 
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Supplemental Table S3.2.  Significantly enriched Gene Ontology categories for genes 
differentially expressed between drones that were initiating mating flights and inactive drones 
 
GO Category GO Term 
Gene 
count 
P-Value 
Biological Process transcription 34 3.88E-07 
Biological Process regulation of transcription 46 2.66E-06 
Biological Process protein folding 13 7.92E-05 
Biological Process posttranscriptional gene silencing by RNA 8 1.01E-04 
Biological Process posttranscriptional gene silencing 8 1.01E-04 
Biological Process RNA interference 7 1.48E-04 
Biological Process gene silencing by RNA 8 2.17E-04 
Biological Process posttranscriptional regulation of gene expression 12 7.43E-04 
Biological Process regulation of histone acetylation 4 0.00107534 
Biological Process embryonic development ending in birth or egg hatching 16 0.0014318 
Biological Process positive regulation of gene expression 11 0.00151248 
Biological Process post-embryonic morphogenesis 21 0.00191685 
Biological Process positive regulation of macromolecule metabolic process 12 0.00197819 
Biological Process post-embryonic development 24 0.00215033 
Biological Process neuron differentiation 23 0.00223024 
Biological Process embryonic development via the syncytial blastoderm 15 0.00253399 
Biological Process regulation of gene expression, epigenetic 13 0.00261367 
Biological Process instar larval or pupal development 23 0.00291762 
Biological Process regulation of organelle organization 10 0.0032649 
Biological Process neuron development 20 0.00364342 
Biological Process instar larval or pupal morphogenesis 20 0.00364342 
Biological Process regulation of histone modification 4 0.00388975 
Biological Process positive regulation of transcription 10 0.00494011 
Biological Process negative regulation of gene expression 16 0.00515371 
Biological Process metamorphosis 20 0.00572709 
Biological Process regulation of transcription, DNA-dependent 29 0.00602817 
Biological Process 
positive regulation of nucleobase, nucleoside, nucleotide and nucleic 
acid metabolic process 
10 0.00649848 
Biological Process positive regulation of nitrogen compound metabolic process 10 0.00649848 
Biological Process response to organic substance 10 0.00685106 
Biological Process homophilic cell adhesion 5 0.00708495 
Biological Process regulation of RNA metabolic process 31 0.00719597 
Biological Process regulation of transcription from RNA polymerase II promoter 13 0.00726057 
Biological Process regulation of chromosome organization 4 0.00756392 
Biological Process post-embryonic organ development 17 0.00864561 
Biological Process response to inorganic substance 5 0.00908126 
Biological Process axonogenesis 13 0.00923149 
Biological Process positive regulation of macromolecule biosynthetic process 10 0.00974656 
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Supplemental Table S3.2 (cont.) 
GO Category GO Term 
Gene 
count 
P-Value 
Biological Process sensory organ development 21 0.0101746 
Biological Process positive regulation of cellular biosynthetic process 11 0.01024358 
Biological Process positive regulation of biosynthetic process 11 0.01024358 
Biological Process cell morphogenesis involved in differentiation 17 0.0103939 
Biological Process imaginal disc development 21 0.01069941 
Biological Process 
nuclear-transcribed mRNA catabolic process, nonsense-mediated 
decay 
4 0.01085087 
Biological Process gene silencing 11 0.01116362 
Biological Process chromatin modification 9 0.01268306 
Biological Process imaginal disc morphogenesis 16 0.01282406 
Biological Process post-embryonic organ morphogenesis 16 0.01282406 
Biological Process cell projection organization 19 0.01303879 
Biological Process neuron projection morphogenesis 16 0.0135601 
Biological Process neuron projection development 16 0.01401896 
Biological Process cell morphogenesis involved in neuron differentiation 16 0.01442723 
Biological Process negative regulation of macromolecule metabolic process 17 0.01531962 
Biological Process regulation of small GTPase mediated signal transduction 8 0.01558724 
Biological Process imaginal disc-derived appendage morphogenesis 14 0.01592875 
Biological Process cell projection morphogenesis 17 0.01669535 
Biological Process negative regulation of organelle organization 5 0.01715155 
Biological Process appendage morphogenesis 14 0.01743853 
Biological Process imaginal disc-derived appendage development 14 0.01804445 
Biological Process intracellular signaling cascade 16 0.01863352 
Biological Process appendage development 14 0.0197648 
Biological Process macromolecular complex assembly 14 0.0197648 
Biological Process transcription from RNA polymerase II promoter 8 0.0201957 
Biological Process cell part morphogenesis 17 0.022164 
Biological Process asymmetric cell division 6 0.02216797 
Biological Process antennal development 4 0.02501175 
Biological Process protein kinase cascade 6 0.02527774 
Biological Process response to oxidative stress 6 0.02693236 
Biological Process cell division 12 0.02791775 
Biological Process regulation of protein complex assembly 4 0.02801195 
Biological Process cellular carbohydrate biosynthetic process 4 0.02801195 
Biological Process protein amino acid phosphorylation 14 0.02846558 
Biological Process eye-antennal disc development 6 0.02865452 
Biological Process nuclear-transcribed mRNA catabolic process 4 0.03119472 
Biological Process regulation of protein modification process 5 0.03330783 
Biological Process transcription initiation from RNA polymerase II promoter 6 0.03423327 
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Supplemental Table S3.2 (cont.) 
GO Category GO Term 
Gene 
count 
P-Value 
Biological Process positive regulation of cellular component organization 4 0.03455894 
Biological Process positive regulation of programmed cell death 5 0.03578705 
Biological Process positive regulation of cell death 5 0.03578705 
Biological Process cell morphogenesis 20 0.03891438 
Biological Process salivary gland morphogenesis 8 0.03953371 
Biological Process gland morphogenesis 8 0.03953371 
Biological Process response to heat 6 0.04044245 
Biological Process mRNA catabolic process 4 0.04182525 
Biological Process germ-line stem cell division 4 0.04182525 
Biological Process mRNA metabolic process 12 0.04205863 
Biological Process alcohol biosynthetic process 3 0.04239179 
Biological Process protein complex assembly 10 0.04338487 
Biological Process protein complex biogenesis 10 0.04338487 
Biological Process eye development 16 0.0438179 
Biological Process post-embryonic limb morphogenesis 4 0.04572326 
Biological Process imaginal disc-derived leg morphogenesis 4 0.04572326 
Biological Process chromatin organization 10 0.04765754 
Biological Process regulation of cell morphogenesis 8 0.04800427 
Biological Process nuclear transport 6 0.04972105 
Biological Process nucleocytoplasmic transport 6 0.04972105 
Biological Process positive regulation of molecular function 6 0.04972105 
Biological Process macromolecular complex subunit organization 14 0.04975065 
Biological Process imaginal disc-derived limb morphogenesis 4 0.04979459 
Biological Process RNA catabolic process 4 0.04979459 
Cellular Component nucleoplasm part 20 4.27E-05 
Cellular Component nucleoplasm 21 5.24E-05 
Cellular Component plasma membrane part 24 1.00E-03 
Cellular Component nuclear pore 7 0.00160197 
Cellular Component organelle lumen 29 0.0017723 
Cellular Component intracellular organelle lumen 29 0.0017723 
Cellular Component pore complex 7 0.00224986 
Cellular Component membrane-enclosed lumen 29 0.00263937 
Cellular Component nuclear envelope 9 0.00297255 
Cellular Component nuclear lumen 21 0.00648232 
Cellular Component histone acetyltransferase complex 5 0.00675929 
Cellular Component chaperonin-containing T-complex 3 0.02034024 
Cellular Component perinuclear region of cytoplasm 4 0.02092455 
Cellular Component methyltransferase complex 3 0.02566645 
Cellular Component histone methyltransferase complex 3 0.02566645 
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Supplemental Table S3.2 (cont.) 
GO Category GO Term 
Gene 
count 
P-Value 
Cellular Component SAGA complex 3 0.03148909 
Cellular Component SAGA-type complex 3 0.03148909 
Cellular Component cell junction 9 0.03729637 
Cellular Component adherens junction 5 0.04436589 
Cellular Component polytene chromosome 7 0.04723529 
Cellular Component anchoring junction 5 0.04736364 
Molecular Function transcription regulator activity 43 3.42E-06 
Molecular Function unfolded protein binding 12 1.14E-05 
Molecular Function RNA polymerase II transcription factor activity 20 2.17E-04 
Molecular Function transcription factor activity 24 0.00119531 
Molecular Function ATP binding 38 0.00124518 
Molecular Function adenyl ribonucleotide binding 38 0.00130687 
Molecular Function adenyl nucleotide binding 40 0.00157763 
Molecular Function purine nucleoside binding 40 0.00176636 
Molecular Function nucleoside binding 40 0.00206366 
Molecular Function DNA binding 39 0.00420088 
Molecular Function ribonucleotide binding 42 0.00499558 
Molecular Function purine ribonucleotide binding 42 0.00499558 
Molecular Function purine nucleotide binding 44 0.0059056 
Molecular Function chaperone binding 4 0.00901656 
Molecular Function nucleoside-triphosphatase regulator activity 11 0.01092529 
Molecular Function enzyme binding 7 0.01320354 
Molecular Function nucleotide binding 49 0.01810748 
Molecular Function GTPase regulator activity 10 0.025218 
Molecular Function zinc ion binding 42 0.02716445 
Molecular Function cation binding 66 0.02874785 
Molecular Function magnesium ion binding 8 0.02881101 
Molecular Function ion binding 66 0.03139297 
Molecular Function small GTPase binding 4 0.03299202 
Molecular Function Ras GTPase binding 4 0.03299202 
Molecular Function metal ion binding 64 0.03446678 
Molecular Function protein serine/threonine kinase activity 12 0.03904418 
Molecular Function GTPase binding 4 0.04470112 
Molecular Function general RNA polymerase II transcription factor activity 7 0.04843934 
Molecular Function cofactor binding 11 0.04846057 
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Supplemental Table S3.3.  Significantly enriched Gene Ontology categories for genes 
differentially expressed between workers that were initiating spatiotemporal foraging and 
inactive foragers. 
 
GO Category GO Term 
Gene 
count 
P-Value 
Biological Process lipid localization 8 6.30E-05 
Biological Process regulation of programmed cell death 12 7.60E-04 
Biological Process lipid storage 4 0.00100692 
Biological Process regulation of cell death 12 0.00102165 
Biological Process lipid transport 6 0.00167407 
Biological Process cytoskeleton organization 27 0.00337334 
Biological Process regulation of apoptosis 10 0.00355707 
Biological Process chitin-based cuticle development 6 0.0073875 
Biological Process chromatin organization 13 0.00778445 
Biological Process transcription 25 0.01071407 
Biological Process cellular macromolecular complex subunit organization 14 0.01254108 
Biological Process response to organic substance 10 0.01535807 
Biological Process actin cytoskeleton organization 11 0.01544612 
Biological Process cuticle development 7 0.01554735 
Biological Process actin filament-based process 11 0.01615113 
Biological Process chromosome organization 17 0.01744574 
Biological Process base-excision repair 3 0.01897503 
Biological Process negative regulation of programmed cell death 6 0.02053171 
Biological Process anti-apoptosis 4 0.02756452 
Biological Process negative regulation of cell death 6 0.02769106 
Biological Process circadian behavior 5 0.03144394 
Biological Process response to steroid hormone stimulus 4 0.03504638 
Biological Process response to ecdysone 4 0.03504638 
Biological Process post-embryonic development 22 0.03508368 
Biological Process pole plasm assembly 6 0.03626627 
Biological Process oocyte anterior/posterior axis specification 7 0.03704364 
Biological Process rhythmic behavior 5 0.03707814 
Biological Process positive regulation of mitotic cell cycle 3 0.03819071 
Biological Process maternal determination of anterior/posterior axis, embryo 7 0.0433231 
Biological Process anterior/posterior pattern formation 11 0.04400176 
Biological Process protein amino acid dephosphorylation 7 0.04555581 
Biological Process actin polymerization or depolymerization 3 0.04571775 
Biological Process response to endogenous stimulus 5 0.04654901 
Biological Process response to hormone stimulus 5 0.04654901 
Biological Process cellular protein complex assembly 7 0.04785905 
Biological Process actin filament organization 7 0.04785905 
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Supplemental Table S3.4.  Significantly enriched Gene Ontology categories for a set of genes 
that showed significant expression differences with the onset of flight activity in both drones and 
workers. 
 
GO Category GO Term 
Gene 
count 
P-Value 
Biological Process regulation of RNA metabolic process 15 5.86E-04 
Cellular Component nuclear pore 4 0.0026413 
Biological Process transcription 11 0.0027005 
Molecular Function transcription factor activity 10 0.003049 
Cellular Component pore complex 4 0.003179 
Biological Process chitin-based cuticle development 4 0.0033959 
Biological Process response to hormone stimulus 4 0.0044853 
Biological Process response to endogenous stimulus 4 0.0044853 
Molecular Function protein tyrosine phosphatase activity 4 0.0051346 
Molecular Function transcription regulator activity 13 0.0059059 
Biological Process regulation of transcription 14 0.0077539 
Biological Process chitin-based embryonic cuticle biosynthetic process 3 0.0084758 
Molecular Function sequence-specific DNA binding 7 0.0089086 
Biological Process Notch signaling pathway 4 0.0103239 
Cellular Component endomembrane system 6 0.0105039 
Molecular Function protein tyrosine/serine/threonine phosphatase activity 3 0.0115125 
Biological Process regulation of mRNA processing 4 0.0129263 
Biological Process regulation of nuclear mRNA splicing, via spliceosome 4 0.0129263 
Biological Process cuticle development 4 0.0134877 
Biological Process response to steroid hormone stimulus 3 0.0136693 
Biological Process response to ecdysone 3 0.0136693 
Biological Process regulation of RNA splicing 4 0.0146518 
Molecular Function RNA polymerase II transcription factor activity 7 0.0148402 
Biological Process response to organic substance 5 0.0149361 
Cellular Component nuclear envelope 4 0.0160306 
Biological Process regulation of transcription from RNA polymerase II promoter 6 0.0167077 
Biological Process cellular response to hormone stimulus 3 0.0172983 
Biological Process regulation of transcription, DNA-dependent 11 0.0192428 
Biological Process regulation of compound eye cone cell fate specification 2 0.0232549 
Biological Process negative regulation of compound eye cone cell fate specification 2 0.0232549 
Cellular Component integral to membrane 15 0.0251836 
Biological Process protein amino acid dephosphorylation 4 0.0259772 
Biological Process lipid localization 3 0.0271406 
Cellular Component intrinsic to membrane 15 0.0288503 
Biological Process pattern specification process 9 0.0321852 
Biological Process aging 4 0.0358486 
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Supplemental Table S3.4 (cont.) 
GO Category GO Term 
Gene 
count 
P-Value 
Biological Process multicellular organismal aging 4 0.0358486 
Biological Process determination of adult life span 4 0.0358486 
Molecular Function phosphoprotein phosphatase activity 4 0.0390653 
Molecular Function protein dimerization activity 4 0.0488051 
 
 
